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ABSTRACT 

This thesis report describes an investigation into 
the possibilities of using solar pressure torques to per- 
form thrce-axis orientation and stabilization of a small 
probe. T h e  attitude control system is to maintain one 
spacecraft axis perpendicular to the ecliptic plane and 
another axis pointed closely to the sun. This orienta- 
tion allows the use of a high gain directional antenna 
which tracks t h e  earth through a single rotation in the 
ecliptic. The three main elements of the control loop 
are analyzed: (1) attitude sensing, (2) spacecraft dy- 
namics, ( 3 )  control torque production. A workable design 
is evolved which satisfies all the attitude control re- 
quirements while retaining the features of simplicity 
and low weight. 
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CHAPTER P 

INTRODUCTION 

I n  t h e  p a s t ,  so la r  photon p r e s s u r e  a c t i n g  on a body 

i n  space  has  been r ega rded  as an  u n d e s i r a b l e  d i s t u r b a n c e  
0 

which can cause  t r a j e c t o r y  errors as w e l l  as t a x  t h e  

a t t i t u d e  c o n t r o l  system. For example, on t h e  Mariner  I1 

Venus m i s s i o n t  so la r  p r e s s u r e  imbalance t o r q u e s  accounted 

f o r  about  h a l f  of t h e  t o t a l  g a s  consumed, More r e c e n t l y ,  

t h e  idea of ac tua l ly  us ing  s o l a r  p r e s s u r e  t o  advantage 

has  ga ined  prominence. I n v e s t i g a t i o n s  have been made 

i n t o  i t s  p o s s i b l e  use both  as a p r o p u l s i v e  system, so la r  

s a i l i n g ,  and as c o n t r o l  t o r q u e s  f o r  a t t i t u d e  c o n t r o l ,  

The advantages  i n  u s i n g  solar r a d i a t i o n  p r e s s u r e  are 

obvious: (1) I t  p rov ides  a p r a c t i c a l l y  limitless source  

of momentum, o r  t o  p u t  it i n  p r o p u l s i v e  terms t h e  system 

has  an i n f i n i t e  s p e c i f i c  impulse1 and ( 2 )  Like t h e  g r a v i t y  

g r a d i e n t ,  i t  h a s  an  i n h e r e n t  r e f e r e n c e  d i r e c t i o n  toward 

which a s p a c e c r a f t  can  be o r i e n t e d  and maintained.  These 

c h a r a c t e r i s t i c s  make t h e  concept  e s p e c i a l l y  d e s i r a b l e  f o r  

long d u r a t i o n  missions, The p r i n c i p a l  drawback i n  u s i n g  

solar  p r e s s u r e  i s  t h e  r a t h e r  minu te  magnitude of t h e  

p r e s s u r e  i t s e l f ,  a t  one A.U. i t , i s  o n l y  abou t  . 4 6  dynes/m 2 
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Thus, solar s a i l i n g  i s  i m p r a c t i c a l  e x c e p t  f o r  t h e  l o n g e s t  

m i s s i o n s ,  !Iowevcr, solar pressure acting a t  long  enough 

moment arms c a n  p rov ide  a p p r e c i a b l e  t o r q u e s  f o r  s p a c e c r a f t  

a t t i t u d e  c o n t r o l .  S e v e r a l  s t u d i e s  have been made i n t o  

t h e  f e a s i b i l i t y  of such schemes b u t  by f a r  t h e  most 

de ta i led  i n v e s t i g a t i o n  was carried o u t  fo r  t h e  Sunb laze r  

program. Here, t h e  o b j e c t i v e  i s  to put: a s m a l l ,  light 

s p a c e c r a f t  i n t o  a h e l i o c e n t r i c  o r b i t  fo r  t h e  purpose of 

making c e r t a i n  s c i e n t i f i c  measurements. The p r i n c i p a l  

a t t i t u d e  c o n t r o l  requi rement  i s  t o  keep one  a x i s  a lways 

f a c i n g  t h e  sun. There are s e v e r a l  r e a s o n s  f o r  t h i s  

d e s i r e d  o r i e n t a t i o n :  

Solar c e l l  power i s  maximized when a l l  ce l l s  

are i n  a p l a n e  f a c i n g  t h e  sun.  

Antenna p a t t e r n s  can be maximized f o r  a sun- 

o r i e n t e d  S p a c e c r a f t .  

Some s o l a r  exper iments  may r e q u i r e  t h a t  t h e  

s p a c e c r a f t  p o i n t  c l o s e l y  t o  t h e  sun. 

Thermal c o n t r o l  i s  s i m p l i f i e d  f o r  s s p a c e c r a f t  

w i t h  one side always f a c i n g  t h e  sun. 

I n i t i a l  o r i e n t a t i o n  and long  t e r m  s t a b i l i z a t i o n '  was 

ach ieved  u s i n g  on ly  solar r a d i a t i o n  p r e s s u r e  t o r q u e s ,  The 

s p a c e c r a f t  c o n f i g u r a t i o n  i s  shown i n  F i g u r e  1.1. The ' 

a t t i t u d e  c o n t r o l  sys tem c o n s i s t s  of f o u r  r e f l e c t i n g  vanes ,  

r o t a t a b l e  abou t  t h e i r  l o n g i t u d i n a l  a x i s .  The t o r q u e s  
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produced by such vanes  are d e r i v e d  i n  Apprendix A i  

R o t a t i o n s  of t h e  vanes  al lowed d i r e c t  c o n t r o l  ove r  8 ,  i . e . ,  

sun-poin t ing .  However, t h e r e  i s  no d i r e c t  r o l l c o n t r o l ,  

t h e  s p i n  ra te  be ing  al lowed t o  vary  between .1 RPM and 

19 RPM. Thus, t h i s  d e s i g n  is  e s s e n t i a l l y  a two a x i s  

s t a b l i z e d  sys tem,  I t  is t h e  o b j e c t i v e  of t h i s  t h e s i s  

t o  i n v e s t i g a t e  t he  p o s s i b i l i t y  of c a r r y i n g  t h i s  d e s i g n  

one s t e p  f u r t h e r ,  t h a t  i s ,  t o  a f u l l y  th ree - - ax i s  s t a b i l i z e d  

system. The o v e r r i d i n g  r eason  f o r  go ing  t o  t h r e e - a x i s  

s t a b i l i z a t i o n  i s  t h a t  it a l h W 5  t h e  u s e  of a h igh-ga in  

d i r e c t i o n a l  an tenna .  F o r  t h i s  case, where t h e  o r b i t a l  

p l a n e  is e s s e n t i a l l y  c o i n c i d e n t  w i t h  t h e  e c l i p t i c ,  c o n t r o l  

of r o l l  a b o u t  t h e  sun-poin ted  a x i s  w i l l  allow a d i r ec t iona l  

an tenna  t o  t r a c k  ea r th  by a s i n g l e  ro t a t ion  i n  the e c l . i p t i c  

p l a n e ,  It  was determined t h a t  t h e  best antenna c o n f i g u r a t i o n  

for t h i s ’  a p p l i c a t i o n  i s  a s t a c k e d  p a i r  of three-e lement  

Yagis.  P a r a b o l i c  d i s h  c o n f i g u r a t i o n s  were r e j e c t e d  due 

t o  t h e  requi rement  of a l a r g e  d i s h  s i z e  at the f requency 

of o p e r a t i o n .  S t u d i e s  r e s u l t e d  i n  an optimum d e s i g n  f o r  

the Yagi an tenna  s t r u c t u r e  as shown i n  F i g u r e  1 . 2 .  Mechanical 

and e l ec t r i ca l  s p e c i f i c a t i o n s  are shown i n  t h e  fo l lowing  

table  * 

Mechanical S p e c i f i c a t i o n s  

2hR = .51h 

2hF = . 5  h 

0 

SF = .17h~+.23X 

%D = .16hC+,19h 
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a = .75h-.9\ 2hD = .44h 

QR= f~ = 13) = 0037 h 
Electr ical  S p e c i f i c a t i o n s  

A. I n d i v i d u a l  3-element Yagi 
0; = 57O h = wavelength 

e; = 750 = beamwidth 

Gain = 9.65 dB over omnidi rec t i .ona1  

B .  Stacked Yagis 

0% 470 

Gain = 12.65 dB over o m n i d i r e c t i o n a l  

The antennas r o t a t e  i n  t h e  ec l ip t ic  p l a n e  through t o  

t r a c k  t h e  e a r t h  as shown i n  F i g u r e  1.3. The a t t i t u d e  

c o n t r o l  requi rements  are t h u s :  

(1) Mainta in  one a x i s ,  2. p o i n t i n g  c l o s e l y  t o  t h e  

sun. 

( 2 )  Main ta in  a n o t h e r  body a x i s ,  x p o i n t i n g  c l o s e l y  

p e r p e n d i c u l a r  t o  t h e  e c l i p t i c  p l ane .  

C o n t r o l  of both  axes shou ld  be w i t h i n  10" of optimum t o  

a v o i d  losses i n  an tenna  p a t t e r n .  Having d e f i n e d  the 

r equ i r emen t s ,  t h e  problem can  now be d i v i d e d  i n t o  t h r e e  

major areas: 

(1) A t t i t u d e  s e n s i n g  

( 2 )  I n i t i a l  o r i e n t a t i o n  

( 3 )  Long term s t a b i l i z a t i o n  
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Within this framework, two configurations were studied: 

(1) a completely despun spacecraft and; ( 2 )  a dual spin 

spacecraft, It must be emphasized that t he  prime 

objective of the Sunblazer design was to have a very 

lightweight, low-cost spacecraft -- the final configuration 
weighed only twenty-eight pounds This study was carried 

out with the same objectives in mind; minimum weight 

and simplicity were sought at a l l  times. 
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Figure 1.1 Sunblazer spacecraft 



7 

Y 
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Ecliptic plane 

Figure 1.3 Antenna orientation requirements 

. 
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CHAPTER 2 

GENERAL DYNAMICS 'OF A SPINNING BODY 

2 . 1  General 

The Sunblazer  probe i s  t o  be  launched i n t o  i t s  s o l a r  

o r b i t  by a f i v e  s t a g e  Scout  b o o s t e r .  The s p a c e c r a f t  

i n i t i a l  c o n d i t i o n s  a t  s e p a r a t i o r ,  from t h e  f i n a l  s t a g e  

are assumed t o  be a s p i n  r a t e  of 200 RPM a t  an a n g l e  of 

60' from t h e  sun.  T h e r e f o r e ,  t o  i n v e s t i g a t e  t h e  dynamics 

of  such  a s p a c e c r a f t ,  one must f i r s t  have an unde r s t and ing  

of t h e  b a s i c s  of r o t a t i o n a l  motion, 

The b a s i c  e q u a t i o n s  for gyrodynamic motion are 

E u l e r '  s e q u a t i o n s  : 

where %p,ljp,ap are t h e  p r i n c i p a l  axes of t h e  body. Study 

of t h e  motion can  now be  d i v i d e d  i n t o  two g e n e r a l  areas: 

(1) Torque f r e e  motion where  N.0, and ( 2 )  Motion i n  

which t o r q u e s  ac t  on t h e  bodye 

4 

2 . 2  Torque F r e e  Motion 

With t h e  s i m p l i f i c a t i o n  t h a t  t h e  body i s  symmetric so 

t h a t  ~ l p ~ ~ ~  t h e  above e q u a t i o n s  become:' 



2.0 

The f i r s t  r e su l t  for t h e  motion follows from Equat ion 

(2-6) : 

= c o n s t a n t  
rs, - L 

Def i n e  R =  ‘ 5 ,  %I 

Then Equat ions  ( 2 - 4 )  and (2-5)  can  be w r i t t e n  as: 

bsr+  no,,=o * (2-9) 

h I r - I I O r r =  0 (2-10) 

A s o l u t i o n  may be found t o  t h e s e  coupled s imul taneous  

e q u a t i o n s  by m u l t i p l y i n g  t h e  second e q u a t i o n  by i and 

adding  it t o  t h e  f i rs t :  

( 2 - 1 1 )  

I f  we d e f i n e  

’h e u p p +  tu,, 

t h e n  & i f i - h = O  

w i t h  t h e  s o l u t i o n  h(t) = Adnb 

-. . 

(2-12) 

(2-13) 

(2-14) 

(2-15) 

(2-16)  
, 

(2-17) 

(2-18) 



S i n c e  alp = c o n s t a n t l  t h e  magnitude of 63 i s  also c o n s t a n t ,  

(2-19) 

Equat ions  (2-17) and (2-18) are t h e  p a r a m e t r i c  e q u a t i o n s  

of a circle ,  so t h a t  t h e  p r o j e c t i o n  of t h e  vector 3 o n t o  

t h e  p l a n e  describes a circle  w i t h  t i m e ,  as shown i n  

F i g u r e  2 .1 .  

S i n c e  we are c o n s i d e r i n g  forcc-free motion,  t h e  
A 

a n g u l a r  momentum vector  H must be a c o n s t a n t l  f i x e d  

i n  space .  An a d d i t i o n a l  c o n s t a n t  o f  t h e  motion i s  t h a t  

t h e  r o t a t i o n a l  k i n e t i c  energy  is c o n s t a n t :  

(2-20) 

A 

S i n c e  H is  c o n s t a n t ,  Equat ion ( 2 - 2 0 )  r e q u i r e s  t h a t  

move i n  such  a manner t h a t  i t s  p r o j e c t i o n  on t h e  

s t a t i o n a r y  a n g u l a r  momentum v e c t o r  i s  c o n s t a n t .  Thus 

" n u t a t e s "  a b o u t  and makes a c o n s t a n t  a n g l e  wi th  t h e  

vector H 

The motion can  be v i s u a l i z e d  as  a r o l l i n g  of  t h e  "body 

cone" on t h e  " space  cone" which i s  f i x e d  i n  s p a c e  by 

t h e  vector H F i g u r e  2.2" From geometry,  

-. 
t h e  r a t e  of n u t a t i o n  b e i n g  g i v e n  by a. 

-L 

(2-21) 
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Thus 8' is s imply  a f u n c t i o n  of t h e  r a t i o  of t h e  transverse 

a n g u l a r  momentum t o  t h e  s p i n  momentum. 8' i s  c a l l e d  t h e  

" n u t a t i o n a l  ampl i tude"  because it is a d i r e c t  measure 

of t h e  magnitude of t h e  "wobble". 

2,3 Torqued Motion 

Note t h a t  t h e  e q u a t i o n s  uscd so far have all been 

referred t o  t h e  body-fixed axes which move with the body 

and hence t e l l s  us n o t h i n g  abou t  how t.hc body moves i n  

space* T h i s  i s  p e r f e c t l y  a c c c p t a h l e  when s t u d y i n g  torque 

f r e e  motion s i n c e  t h e  a n g u l a r  momentum vector remains 

f i x e d  i n  s p a c e  w h i l e  t h e  body s imply  n u t a t e s  around it, 

However, when s t u d y i n g  t h e  case where t o r q u e s  ac t  on t h e  

body, it is more convenient  and i l l u m i n a t i n g  to define 

a c o o r d i n a t e  system w i t h  a r e f e r e n c e  e x t e r n a l  t o  t h e  

body -- in t h i s  p a r t i c u l a r  case, t h e  sun.  Define 

t h r e e  c o o r d i n a t e  sys tems as shown i n  F i g u r e  2.3. {&,y,,zh 
is  a sys tem,  c a l l  it " s " ,  w i t h  o r i g i n  f i x e d  a t  t h e  

c e n t e r  of g r a v i t y  of t h e  s p a c e c r a f t  w i t h  t h e  5Ea-axis 

p o i n t e d  a t  t h e  sun ,  ?&-axis i n  t h e  e c l i p t i c  p l a n e ,  and 

x , - a y i s  p e r p e n d i c u l a r  t o  t h e  e c l i p t i c ,  {xF,z)' i s  an 

axes sys t eml  c a l l  it "k", which, though it moves w i t h  

t h e  body, does n o t  rotate w i t h  it abou t  2. 4 %  a 

are body-f i x e d  c o o r d i n a t e s ,  "b" . The t h r e e  systems are 

related th rough  t h e  s t a n d a r d  E u l e r  a n g l e s  as 

13) 
I 

d e f i n e d :  



F i r s t  ro ta t ion  

A =  

Second ro ta t ion  

o =  

T h i r d  ro ta t ion  

I 0 0 

0 wo sine 

L o  0 

For the t o t a l  ro ta t ion  

{!}= C B A E }  

4 3 (2-22) 

0 

3. .1 

(2-23) 

(2-24) 

(2-25) 
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where 

As d e f i n e d ,  t h e  E u l e r  a n g l e s  are  u s e f u l  i n  d e s c r i b i n g  

t h e  a t t i t u d e  of t h e  s p a c e c r a f t  w i th  r e s p e c t  t o  t h e  s u n l i n e ;  

Q s p e c i f i e s  t h e  a n g l e  between t h e  s p i n  a x i s  and t h e  s u n  l i n e ,  

t h e  p r e c e s s i o n  a n g l e ,  +, s p e c i f i e s  r o t a t i o n  about  t h e  

sun  l i n e ,  and 9 s p e c i f i e s  z r o t a t i o n  about  t h e  s p i n  a x i s .  

The "k" axes system is very  s u i t a b l e  for s t u d y i n g  t h e  

motion of  t h e  s p a c e c r a f t .  S ince  t h e  X-axis i s  always 

p e r p e n d i c u l a r  t o  t h e  p l a n e  c o n t a i n i n g  t h e  s p i n  a x i s  

and t h e  sun l i n e ,  t o r q u e s  a c t i n g  a long  t h i s  a x i s  w i l l  

c ause  t h e  s p i n  a x i s  t o  p r e c e s s  about  t h e  sun l i n e .  This 

t o r q u e  is  analogous t o  t h e  g r a v i t y  t o r q u e  a c t i n g  on a 

s p i n n i n g  t o p ,  caus ing  it t o  p r e c e s s  about  t h e  l o c a l  

ve r t i ca l .  Because t h e  X-axis i s  c o i n c i d e n t  w i th  t h e  8 
0 

d i r e c t i o n ,  NX t o r q u e s  can never  e f f e c t  8 .  The Y-axis, 

on t h e  o therhand,  l i es  i n  t h e  p l a n e  c o n t a i n i n g  t h e  sun  

l i n e  and the s p i n  axis and is i n  fac t  pe rpend icu la r  t o  

t h e  l a t t e r .  Thus t o r q u e s  a long  t h i s  a x i s  w i l l  erect 

t h e  s p i n  axis toward (or  away from) t h e  sun. S ince  t h e  

Z-axis cor responds  t o  t h e  s p a c e c r a f t  s p i n  a x i s ,  NZtorques 



w i l l  o n l y  change t h e  magnitude of t h e  angtilar momentum, 

n o t  i t s  d i r e c t i o n .  

NZ t o r q u e s  are r e f e r r e d  t o  as the p r e c e s s i o n ,  e r e c t i o n )  

and s p i n  t o r q u e s  r e s p e c t i v e l y ,  

Fo r  t h e s e  r easons ,  t h e  NX' Ny, and 

With these d e f i n i t i o n s ,  we can  proceed t o  develop 

the equations of motion i n  t h e  "k" axes system. Once 

a g a i n ,  t h e  s p a c e c r a f t  i s  assumed syrnnietric, with 

= I = It' Following t h e  d e r i v a t i o n  from t h e  Sunblazer  
IX Y 

(1) 
the b a s i c  e q u a t i o n  of motion when r e f e r r e d  r e p o r t  

t o t h e  r o t a t i n g  frame of r e f e r e n c e  "k" becomes: 

(2-27) 

where Gsk= a n g u l a r  v e l o c i t y  o€ "k" system wi th  r e s p e c t  

t o  t h e  'Is" system 
4 

@is= a n g u l a r  v e l o c i t y  of "s" system wi th  r e s p e c t  

t o  i n e r t i a l  space, i.e, the orbital a n g u l a r  

ra te  

These rates can be expres sed  i n  terms of t h e  E u l e r  a n g l e s  as: 

(2-28) 

And also: 

(2-30) 



Putting equations (2-31) I (2-33) into (2-27) , we obtain: 

(2-34) 

where 

(2-36) 

(2-37) 

and (&,Ks) is given by (2-33) 

Equations (2-34) to (2-87) are the complete, general 

dynamical equations describing the motion of an inertially . 

symmetric spacecraft in a solar orbit. For our case, 

the precessional torques caused by solar pressure are 

so small that for spin rates above about .1 r/min, the 

nutational and precessional motions are essentially 

uncoupled; that is, the dynamics of the spacecraft can 

be considered as a fast torque free nutation superimposed 

upon a very slow and steady torqued precession of the 

angular momentum vector about the sun line. Thus to analyze 
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t h e  t w o  motions s e p a r a t e l y  we d e f i n e  two i n t e r m e d i a t e  

axes systems which when combined b r i n g  u s  back t o  t h e  

"b" sys tem.  These axes and the E u l e r  r o t a t i o n s  which 

d e s c r i b e  them are shown i n  F i g u r e  2 . 4 .  They are d e f i n e d  

as fo l lows :  (1) R o t a t i o n s  from t h e  " s "  system through 

Q,J t o  g e t  {X,,v,yfil )zAJ I t h e  p r e c e s s i o n  "p" axes; t h e n  

( 2 )  R o t a t i o n s  through 8' t o  g e t  { ~ v ) p p , ~ t \  t h e  

n u t a t i o n  'In'' a x e s l  and f i n a l l y  a r o t a t i o n  through 

t o  a r r i v e  a t  "b" t h e  body-fixed axes as d e f i n e d  ear l ier .  
y' 

Using t h e s e  new axes and t h e  cor responding  dynamical 

e q u a t i o n s  it i s  p o s s i b l e  t o  a r r i v e  a t  t h e  t o r q u e  f ree  

r e s u l t s  d e r i v e d  e a r l i e r :  

From (2-34) I,a'-"Q'"Se'c~~+~,~'o,se' = o  (2-38) 

From (2-35) 6. =L 0 (2-39) 

From (2-36) 0. const;. (2-40) 

(&is% R) 
t h e  n u t a t i o n  p e r i o d  i s  so  s h o r t  t h a t  any coupl ing  wi th  

i s  n e g l e c t e d  when s tudy ing  n u t a t i o n s  because 

zi, can be neg lec t ed .  Equat ion (2-38) g i v e s  t h e  

n u t a t i o n  r a t e  as: 
-r 

Ear l ie r ,  t h e  n u t a t i o n  ra te  w i t h  r e s p e c t  t o  body c o o r d i n a t e s  

was d e r i v e d  as: 



If we convert to the nutation coordinates { X', Y', E') , 
we find: 

&I' = ( R  i- w2,)/cev 

which is exac t ly  the same r e s u l t  a5 Equation (2-41) . 
The "high" spin rate case (&,a . I  r/lib) also allows 

much simplification of the precessional equations. 

this casel the precession rate is very much smaller than 

the spin rate W ,  so that the following assumptions are 

valid: 

In 

+ = 0  

( 2 - 4 2 )  

(2-43) 

( 2 - 4 4 )  

Applying these simplifications to Equation (2-33) , the 
coupling with the orbital rate becomes: 

. - L A  a&'% t-( = W i s L - t K ~ e n i ) C B § ~ - b r I z ? i ) c 4 ]  ( 2 - 4 5 )  



Equat ions ( 2 - 4 2 )  t o  ( 2 - 4 5 )  a p p l i e d  t o  t h e  dynamical 

e q u a t i o n s  (2-34) t o  (2-37) l e a d  t o  t h e  p r e c e s s i o n a l  

e q u a t i o n s  fo r  "high" s p i n  rates:  

L p , ~  = - N, -1,L3pL3;,c+ (2-47) 

(2-48) 

Note t h a t  t h e s e  e q u a t i o n s  v e r i f y  t h e  d e s c r i p t i o n  of 

to rqued  p r e c e s s i o n  d e s c r i b e d  ear l ie r ;  t h a t  i s ,  t h e  

p r e c e s s i o n  r a t e ,  +, i s  dependent  on t o r q u e s  a c t i n g  

a long  t h e  X-axis, whereas t h e  e r e c t i o n  r a t e ,Q ,  i s  

dependent  on t o r q u e s  a c t i n g  a long  t h e  Y-axis. These 

' 'h igh" s p i n  ra te  e q u a t i o n s  r e s t  b a s i c a l l y  on t h e  p r e c e p t  

t h a t  a t  h i g h  enough s p i n  ra tes ,  t h e  a n g u l a r  momentum of 

t h e  spacecraft i s  so l a r g e  compared t o  t h e  a p p l i e d  t o r q u e s  

t h a t  t h e  r a t e  a t  which t h e  momentum vector  moves i s  ve ry  

s m a l l  -- t h u s  t h e  assumptions $ > > & , e  b The motion 

i s  therefore  a s t e a d y  ( b ' d d i )  n u t a t i o n  superposed on a 

s t e a d y  ( b A V 4 4 d )  p r e c e s s i o n .  

t h e s e  assumptions arc s t i l l  v a l i d  can  be s e e n  by examining 

e q u a t i o n  (2-34) ' I f  we-use  t h i s  " s t eady"  motion assumpt ion ,  

6 :  i s  i g n o r e d ,  t h u s  t h e  e q u a t i o n  becomes a q u a d r a t i c  i n  4: 

* L .  

The lowest s p i n  ra te  a t  which 

( 2 - 4 9 )  
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Solving f o r  +: 

For s o l a r  pressure torques,  NxCO (see  Appendix A ) .  Thus 

t h e  assumption of steady motion is v a l i d  only i f :  

I: s2e li) 2. > - 4 (r3 - I&) SOW /Vx 

(2-51) 

Thus, it appears t h a t  the  "high" sp in  rate assumption is 
\I c' 

valid f o r  s p i n  r a t e s  about about .1 r/rnin. 

e 



F i g u r e  2 . 1  N u t a t i o n a l  motion 

cone 

body 

F i g u r e  2 . 2  N u t a t i o n  v i s u a l i z a t i o n  ( I 7 I 1 z t  
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Figure 2.3 Definition of "s'l t "k", and "b" axes and 

Euler rotations 
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f" 

Figure 2 . 4  D e f i n i t i o n  of *p" and "n" axes and 

E u l e r  r o t a t i o n s  
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CHAPTER 3 

'ATTITUDE SENSING 

3.1 Genera l  C o n s i d e r a t i o n s  

I n  order t o  perform t h r e e - a x i s  a t t i t u d e  c o n t r o l ,  

it i s  r e q u i r e d  t h a t  two d i s t i n c t  v e c t o r s  from t h e  

s p a c e c r a f t  t o  known d i r e c t i o n s  be d e f i n e d  t h u s  p e r m i t t i n g  

complete s p e c i f i c a t i o n  of t h e  s p a c e c r a f t  a t t i t u d e ,  S i n c e  

one body a x i s  must always b e  main ta ined  p o i n t i n g  c l o s e l y  

t o  t h e  sun ,  it is  obvious t h a t  one of t h e  r e q u i r e d  vectors 

shou ld  be t h e  so la r  r a d i a t i o h  vector. Measurement of 

t h e  solar  a s p e c t ,  e s s e n t i a l l y  t h e  a n g l e  8 ,  makes p o s s i b l e  

t h e  achievement of t h e  f irst  requi rement ,  sun -po in t ing .  

Another vector is t h e n  necessa ry  t o  de t e rmine  r o l l  

o r i e n t a t i o n .  Concep tua l ly ,  t h i s  second v e c t o r  cou ld  be 

one of s e v e r a l  p o s s i b l e  v e c t o r s .  Le tOs  f i r s t  ana lyze  

t h e  f i r s t  v e c t o r  measurcrnent and de termine  how much 

i n f o r m a t i o n  one can  e x t r a c t  by simply " looking"  a t  t h e  

sun. 

. 
3.2 Solar Rad ia t ion  Vector  Eleasurement 

I n  t h e  l a s t  c h a p t e r ,  it was de termined  t h a t  t h e  

a t t i t u d e  of t h e  s p a c e c r a f t  w i t h  r e s p e c t  t o  t h e  sun  l i n e  



i s  completely s p e c i f i e d  w i t h  the knowledge of t h e  th ree  

E u l c r  a n g l e s  4, 8 ,  ye  
a l low t h e  measurement of t h e  l as t  two q u a n t i t i e s ,  8 

and The p r e c e s s i o n  a n g l e ,  which i s  measured i n  

t h e  p l a n e  p e r p e n d i c u l a r  t o  t h e  sun  l i n e  of cour se  

cannot  be determined.  (If i t  could, we would have complete 

knowledge of t h e  s p a c e c r a f t  a t t i t u d e  and t h e  second 

vector measurement would n o t  be n e c e s s a r y . )  

The s o l a r  r a d i a t i o n  v e c t o r  w i l l  

There are several  p o s s i b l e  s o l a r  s e n s o r  c o n f i g u r a t i o n s  

for t h e  measurement of B a n d y .  

in F i g u r e  3.1. The s e n s o r  c o n s i s t s  of  a c i r c u l a r  

d e t e c t o r  made up of many i n d i v i d u a l  t i n y  p h o t o d e t e c t o r s .  

A p i n  h o l e  or a l e n s  mounted on the z a x i s  a t  a d is tance  

h above t h e  detector p l a n e  focuses  t h e  sun  on t h e  detectors .  

Thus t h e  r a d i a l  d i s t a n c e ,  r, of  t h e  image p o i n t  from 

t h e  c e n t e r  of t h e  detector g i v e s  8 : 

C o m i d e r  t h e  one  shown 

The az imutha l  a n g l e ,  vs I measured by t h e  detector g i v e s  y) I 

where, as shown i n  F i g u r e  3 . 3 :  

n % = Y f Z  

Thus, for example, i f  t h e  s p a c e c r a f t  i s  s p i n n i n g  uniformly 

with t h e  s p i n  a x i s  a t  an a n g l e  from t h e  sun  l i n e ,  t h e  image 
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w i l l  trace o u t  a c i rc le  on t h e  d e t e c t o r  f a c e ;  t h e  

radius  of t h e  circle g i v i n g  0 , and p o s i t i o n  on t h e  

c i rc le  g i v i n g  . Note, ho'wever, t h a t  bo th  t h e  8 and 

r e s o l u t i o n s  d e c r e a s e  as 0 decreases. 

for: i n d i v i d u a l  d e t e c t o r s  of s ize  .01 i n .  by .01 i n . ,  

t h e  worst 8 r e s o l u t i o n  would occur  r i g h t  n e x t  t o  t h e  

c e n t e r :  

For  example, 

Atmo = *oi 

for h = 2 i n .  

e: = 17' 

The r e s o l u t i o n  i n y  i s  given by: 

for h = 2 i n . ,  and€)=  So 

A l s o ,  t h e  maximum Q t h a t  can  be measured with  t h h  

c o n f i g u r a t i o n  is l i m i t e d  by t h e  a l l o w a b l e  size of the 

sensorc For  example, f o r  a sensor radius  of 3.5  i n . ,  
4 b 

the maximum 8 t h a t  w i l l  be  d e t e c t e d  is: 
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To circumvent  t h i s  drawback, a hollow s p h e r i c a l  cup 

d e t e c t o r  cou ld  be  used l  as shown i n  F i g u r e  3 . 4 ,  T h e e  

r e s o l u t i o n  would be t h e  same f o r  a l l  8 : 

T h e y  r e s o l u t i o n  a t  small 8 i s  about  t h e  same as t h a t  

f o r  t h e  p l a n a r  detector: 

y - = -  , oi 
R S 9  

However 

90° .  O p t i c a l l y ,  the hemisphe r i ca l  cup would be p r e f e r r e d  

over t h e  p l a n a r  d e s i g n  because the d e t e c t o r s  would 

t h e  maximum measurable  8 would t h e o r e t i c a l l y  b e  

always be  a c o n s t a n t  d i s t a n c e  from t h e  p i n  hole or 

l e n s  C 

For e i ther  d e s i g n ,  however, s e n s o r  r e s o l u t i o n  i n  
6 

l i m i t s  t h e  minimum a l lowab le  8 t o  abou t  Z .  T h i s  

p o i n t  must be t aken  i n t o  c o n s i d e r a t i o n  i n  t h e  d e s i g n  

of t h e  8 c o n t r o l  loop. 

It would a l s o  be very  d e s i r a b l e  t o  be a b l e  t o  s e n s e  

n u t a t i o n a l  motion. To do t h i s ,  r e q u i r e s  t h e  a b i l i t y  t o  

de t e rmine  t h e  E u l e r  r o t a t i o n s  #A,, QAV ,+', e: y' which 

d e s c r i b e  t h e  "p" and "n" axes  as d e f i n e d  ear l ie r ,  Again,  

s i n c e  
0 

+fiv is measured i n  t h e  p l a n e  p e r p e n d i c u l a r  t o  t h e  

sun  l i n e ,  it canno t  be deduced from a solar measurement, 

The q u e s t i o n  remains as t o  whether  it i s  p o s s i b l e  t o  
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e x t r a c t  eAJI C b r  I 8' I and yl'from t h e  actual  s e n s o r  measurement 

of 8 and S i n c e  t h e  f i v e  r o t a t i o n s  through +,,vI 

ofiv I 4" I e', v' are e q u i v a l e n t  t o  t h e  three r o t a t i o n s  9, 
8 ,  9 I w e  can  o b t a i n  r e l a t i o n s h i p s  between t h e s e  

q u a n t i t i e s  by e q u a t i n g  their  cor responding  r o t a t i o n  

A l s o ,  

Equat ing  t h e  two e q u i v a l e n t  r o t a t i o n  matrices g i v e s  

t h r e e  independent  e q u a t i o n s :  



Equat ions  (3-1.0) and (3-11) can  be r ewr i t . t en  as: 

S 0 C 9  = * a. ( \ tce' )C~4JV+~?+ '~(e8'-~c(zy.-4')+ce,jso'c~'  (3-13) 

These e q u a t i o n s  allow a f u r t h e r  i n s i g h t  i n t o  t h e  e f f e c t  

of n u t a t i o n s  on t h e  s e n s o r  measurement. Noting t h a t  

t h e  on ly  c y c l i c  terms on t h e  r i g h t  hand s ide  invo lve  

( Y ' + C + ~ )  , (*'-+'],and y' ,  if w e  p l o t  SQcq on one 

a x i s  and S 0 s q  on t h e  other ( t h e s e  q u a n t i t i e s  e s s e n t i a l l y  

d e s c r i b e  t h e  motion of t h e  s o l a r  trace on t h e  sensor 

f a c e ) ,  it can  be s e e n  t h a t  t h e  r e s u l t  i s  made up of a 

sum of t h r e e  vectors of d i f f e r i n g  ampl i tudes ,  which are 

f u n c t i o n s  of Q,,and 8';  t h e  vectors r o t a t i n g  wi th  t h e  

f r e q u e n c i e s  (+'+ 4*) , ('$'-$), and 4' ( F i g u r e  3.5) 

Thus it is clear  t h a t  when n u t a t i o n s  are p r e s e n t ,  the 

s u n ' s  image w i l l  no l o n g e r  trace o u t  a circle on t h e  

d e t e c t o r ,  b u t  i n s t e a d  a more i r r e g u l a r  shape depending 

on t h e  n u t a t i o n a l  ampl i tude ,  F i g u r e s  3 .6 ,  3 . 7 ,  3 . 8  

show t h e  r e s u l t s  f o r  t h r e e  d i f f e r e n t  va lues  of  8*. 

t h a t  i n  t h e  f i r s t  t w o  cases where d i s  less, t h a k  O9,the 

trace always moves i n  a counterc lockwise  mot ionp  c o r r e c t l y  

i n d i c a t i n g  p o s i t i v e  s p i n  rate. However, i n  t h e  l a s t  case 

where e'is larger t h a n  

c lockwise ,  and t h e  s e n s o r  would i n c o r r e c t l y  i n d i c a t e  a 

n e g a t i v e  rate. Here is one f a c t o r  among many which 

Note 

~ A V  I t h e  average d i r e c t i o n  i s  



indicates a need for eliminating nutations, 

Returning to Equations (3-9) , (3-10) , and (3-11) 
and noting that the left hand side are known quantities 

measured by the sensor, there remains three equations 

in foul: unknowns @~j, $', 0 ' )  and ly'. However, in 

the first equation, the only cyclic term is C+', thus 

it is obvious that*@(e) oscillates between the extreme 

values @,,t-@) and ( Q , w + ~ * )  at the frequency (b'. Hence 
. 

it is possible to determine +', Q A V ,  and 0' from the 

measured 8 time history, as seen in Figure 3.9. 

(3-14) 

(3-15) 

(3-16) 

where 

the smallest, and A t  is the time between peaks in 0. 

QWsis the largest measured value of 8 , QHINis 

Thus, all that remains is to solve for I/lr using 

either Equation (3-10) or (3-11) Unfortunately these 

equations involve trigonometric functions of y' and q' 
hence in general cannot be readily solved for ~ " .  
However, for 

equations simplify to: 

1 (very small nutations) , the 

(3-17) 



Hence, w e  c a n  o b t a i n  v'as: 

P 
The r equ i r emen t  t h a t  8 be v e r y  sma l l  a g a i n  i n d i c a t e s  

a need for  c o n t r o l ;  of n u t a t i o n s .  

3 . 3  Second Vector  Measurement -- 
Concep tua l ly ,  t h e  second r e q u i r e d  v e c t o r  could be one 

of several p o s s i b i l i t i e s ,  namely: 

( 4 )  

(5) 

( 6 )  

O f  t h e s e ,  

t h e  a p p a r e n t  local solar wind bulk v e l o c i t y  

v e c t o r  

t h e  l o c a l  magnet ic  f i e l d  v e c t o r  

t h e  e a r t h  t o  s p a c e c r a f t  v e c t o r  (from a r a d i o  

up 1 i n k  ) 

t h e  e a r t h  t o  s p a c e c r a f t  v e c t o r  (from an  I R  

sensor) 

a v e c t o r  from a s t a r  s e n s o r  

e n e r g e t i c  p a r t i c l e s  v e l o c i t y  v e c t o r  

( 2 )  can be ignored  because t h e  magnet ic  f i e l d  

d i r e c t i o n  is t o o  v a r i a b l e .  Item ( 6 )  i s  roughly c o i n c i d e n t  

w i t h  t h e  s o l a r  r a d i a t i o n  v e c t o r  and hence w i l l  n o t  be 

cons ide red  f u r t h e r .  

Cons ide rab le  work has  been done on s ta r  trackers 

and e a r t h  IR s e n s o r s .  S t a r  trackers i n  p a r t i c u l a r  have 

proven t h e i r  accuracy  and r e l i a b i l i t y  i n  a c t u a l  m i s s i o n s c  
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Both of t h e s e  methods, however, r e q u i r e  much complex 

equipment and t h u s  t e n d  t o  he r a t h e r  heavy. 

t h e  Canopus s e n s o r  used on Mariner  wcighly about  .seven 

pounds and consumed a l i t t l e  less t h a n  f i v e  watts oE 

For exampleo 

power. For  o u r  a p p l i c a t i o n  a less s o p h i s t i c a t e d  t r a c k e r  

i s  r e q u i r e d  which would b r i n g  t h e  weight  down t o  perhaps  

f i v e  pounds. T h i s  is s t i l l  a very  l a r g e  p e n a l t y  when 

compared t o  tho weight of t h e  entire s p a c e c r a f t ,  Thus 

these methods are t o  bo avoided if p o s s i h l c .  

Condider i t e m  1, t h e  a p p a r e n t  solar wind v e l o c i t y  

vector,  T h e  observed  s o l a r  wind f l u x  a t  t h e  e a r t h  h a s  
run  t y p i c a l l y  from lo7 t o  2 x 10 9 protons/cm2-sec. 

These l i m i t s  cor respond t o  d e n s i t i e s  and v e l o c i t i e s  
from 4 protons/cm3 and 250 km/scc t o  40 protons/cm 3 

and 500 km/sec. The s p a c e c r a f t  r a d i a l  and t a n g e n t i a l  

components of v e l o c i t y  f o r  a 314 year s o l a r  o r b i t  are 

shown roughly  i n  F i g u r e  3.10, The r a d i a l  v e l o c i t y  is 

always small re lat ive t o  t h e  wind v e l o c i t y  and hence 

can  be ignored .  ,Assuming a r a d i a l  f low of p l a s m a , - t h e  

a b e r r a t i o n  ang le  measured a t  t h e  spacecraf t :  would be 

(3-19) 

where vt = s p a c e c r a f t  t a n g e n t i a l  velocity 

= s o l a r  wind v e l o c i t y  %" 
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The expec ted  v a l u e s  of E; v e r s u s  h e l i o c e n t r i c  d i s t a n c e  

a r e  shown i n  F i g u r e  3.11. Note t h a t  t h e  a b e r r a t i o n  

ang le  can va ry  between 2' and' 8 ' ,  t h u s  t h e  system would 

have t o  work over t h i s  range  of a n g l e s ,  The d i f f i c u l t y  

i n  u s i n g  t h i s  method l i es  i n  t h e  a n g u l a r  f l u c t u a t i o n  

of  t h e  plasma d i r e c t i o n .  S a t e l l i t e  measurements show 

t h a t  the i n s t a n t a n e o u s  v e l o c i t y  v e c t o r  f l u c t u a t e s  about  

i t s  ave rage  d i r e c t i o n  by t y p i c a l l y  ? l O o .  

t h e  o u t  of p l a n e  a n g u l a r  f l u c t u a t i o n s  would be comparable, 

however, l i t t l e  is known about  t h i s .  Note t h a t  t h i s  

v a l u e  is  l a r g e r  t h a n  t h e  expec ted  a b e r r a t i o n  a n g l e s  6 e 

The magnitude of t h e  d i r e c t i o n  v a r i a t i o n ,  p a r t i c u l a r l y  

t h e  o u t  of p l a n e  f l u c t u a t i o n ,  makes t h i s  method t o o  

u n r e l i a b l e  f o r  u se  i n  r o l l  s e n s i n g ,  

Presumably, 

Next, c o n s i d e r  t h e  use  of t h e  e a r t h  t o  s p a c e c r a f t  

vector  from a r a d i o  u p l i n k .  Spacecraft:  r o l l  a t t i t u d e  

cou ld  be deduced u s i n g  s t a n d a r d  phase comparison methods 

of an  R F  s i g n a l  from e a r t h ,  However, t r a c k i n g  i s  c a r r i e d  

o u t  on ly  about  t h r e e  hours  p e r  day ,  t h u s  if t h i s  were 

t h e  sole r o l l  s e n s i n g  method used, t h e  s p a c e c r a f t  would 

e s s e n t i a l l y  have no r o l l  r e f e r e n c e  fo r  t h e  remaining 

twenty-one hours .  However, t h i s  method appea r s  most 

promis ing  as a r o l l  "updat ing"  source  which would c o r r e c t  

r o l l  d r i f t  approximate ly  once a day and b r i n g  t h e  s p a c e c r a f t  

back to t h e  d e s i r e d  o r i e n t a t i o n .  A f u r t h e r  advantage 
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w i t h  a r a d i o  u p l i n k  is t h a t  it a l so  a l lows  ground c o n t r o l  

of antenna  r o t a t i o n  t o  track ear th .  Th i s  would be 

accomplished by send ing  a command t o  t h e  s p a c e c r a f t  eve ry  

several  days t o  ro ta te  i t s  antenna by a c e r t a i n  a n g u l a r  

increment ,  s a y  2 O  or 3', t h u s  e l i m i n a t i n g  t h e  need for  

an  on boa rd  preprogrammed c o n t r o l  of an tenna  r o t a t i o n .  



de tec to r  1 
Figure 3.1 Sensor schematic 

-L 
ind iv idua l  
photodetccto 

Figure 3.2 Detector face 



Figure 3 . 3  Sensor measurement of ‘Lys 

F i g u r e  3 . 4  Hemispherical detector 
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F i g u r e  3.5 Vector r e p r e s e n t a t i o n  of s e n s o r  trace 



.. 
‘J : - I x =  sihtofosy 

Figure 3.6 Solar trace on sensor face ( dAv= 4 S 0 ,  g’= lo) 
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F i g u r e  3 .7  Solar  trace on sensor face (e,,= 450, Q ' =  
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Figure 3.9 Determination of &,v, 0 , $ from 8 time history 
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CHAPTER 4 

DESPUN SPACECRAFT CONFIGURATION 

4.1 S p a c e c r a f t  C o n f i g u r a t i o n  

The f i r s t  c o n f i g u r a t i o n  t h a t  was s t u d i e d  w a s  one 

t h a t  would be comple te ly  despun,  so t h a t  it was e s s e n t i a l l y  

a non-spinning Sunb laze r .  Once t h e  s p a c e c r a f t  was 

o r i e n t e d  p r o p e r l y  t h i s  s t t i t u d e  would be main ta ined  

th rough  t h e  u s e  of movable s o l a r  p r e s s u r e  vanes ,  For 

example,  c o n s i d e r  one p o s s i b l e  c o n f i g u r a t i o n  shown i n  

F i g u r e  4 . 1 .  Assume t h a t  i n i t i a l  d e s p i n  and o r i e n t a t i o n  

h a s  been accomplished such  t h a t  t h e  body a x i s ,  z i s  

p o i n t e d  c l o s e l y  t o  t h e  s u n ,  and such  t h a t  t h e  0-0 vanes  

l i e  i n  t h e  e c l i p t i c  p l a n e  whereas t h e  @-@vanes  are 

p e r p e n d i c u l a r  t o  it. The @-a vanes  are rotatable  a b o u t  

t h e i r  l o n g i t u d i n a l  axes whereas t h e a - a p a i r  can be 

r o t a t e d  abou t  a x e s  which are p e r p e n d i c u l a r  b o t h  t o  z. 

and t o  t h e  i n d i v i d u a l  s a i l  l o n g i t u d i n a l  a x i s .  Thus 

by v a r y i n g  t h e i r  p i t c h  a n g l e s ,  t h e  0-0 p a i r  would 

produce r o l l  t o r q u e s  f o r  ma in ta in ing  r o l l  a t t i t u d e  

whereas t h e  0-0 p a i r  would produce r e s t o r i n g  t o r q u e s  .r 

by v a r y i n g  t h e i r  c a n t  a n g l e s  t o  ma in ta in  sun -po in t ing ,  

Ideally, t h e n ,  t h i s  scheme a p p e a r s  workable f o r  l ong  term 
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stabilization. There remains the major problem of 

initial dcspin and orientation. 

4.2 General Considerations in Initial Despin and Orientation 

The initial so'nditions after separation are assumed 

to be an initial spin rate of 200 r/min, initial angle 

between spacecraft angular momentum vector and sun line 

of 60°, and an initial nutation amplitude of 10': 

Thus, it is obvious that the 

r/vnin (4-1) 

(4-2) 

( 4 - 3 )  

first task is t o  despin the  

spacecraft from it5 initial rate of 200 r/rnin down to zero, 

The next step would be to achieve sun pointing, that is, 

reduce @ ~ v  to some value less than l o o B  Finally, proper 

roll orientation would be achieved such that the antenna 

rotation axis is perpendicular to the ecliptic, 

To analyze the first problem, consider the despinning 

of the spacecraft prior to the deployment of sails or 

antennas. Thus, the spacecraft is essentially an 

inertially symmetric cylindrical body with no torques 

. 



a c t i n g  on  i t  e x c e p t  t h e  d e s p i n  to rque .  The i n i t i a l  

d e s p i n  can  most q u i c k l y  b e ' a c h i e v e d  by t h e  use of a 

yo-yo device .  I n a b i l i t y  t o  p r e d i c e  t h e  exact  v a l u e  of 

i n i t i a l  s p i n  rate makes it impossible t o  des ign  a yo-yo 

t o  d e s p i n  t h e  S p a c e c r a f t  t o  p r e c i s e l y  zero,  However 

such a device can be used t o  b r i n g  t h e  s p i n  ra te  down 

from the 200 r/min i n i t i a l ' v a l u e  t o  perhaps  2 r/min 

where a n o t h e r  d e s p i n  d e v i c e  must t a k e  ove r .  I n  t h i s  

case, it appea r s  t h a t  t h e  u s e  of mic ' ro th rus t e r s  would 

be  desirable.  Tiny motors ,  perhaps u s i n g  a subl iming  

p r o p e l l a n t  and weighing on t h e  order of tens of grams 

could  do t h e  job 'o f  f i n a l  d e s p i n  from 2 r/min t o  z e r o u  

Remenbering t h a t  t h e  s p a c e c r a f t  is i n i t i a l l y  n u t a t i n g  

wi th  an ampl i tude  @'= loo, it i s  necessa ry  ' to ana lyze  

i t s  e f f e c t  on t h e  d e s p i n  p rocess .  I n  t h e  ear l ie r  

a n a l y s i s  of n u t a t i o n s ,  t h e  fo l lowing  r e s u l t  was found: 

(2 -21)  

The n u t a t i o n  ampl i tude  is  simply p r o p o r t i o n a l  t o  t h e  r a t i o  

o f  t h e  t r a n s v e r s e  a n g u l a r  momentum t o  t h e  s p i n  momentum. 

Thus as t h e  d e s p i n  motors decrease t h e  s p i n  momentum, 0' 

w i l l  grow u n t i l  t h e  s p i n  ra te ,  6J2 , goes t o  z e r o  a t  which 

t i m e  

axes at t h e  ra te  0,. 

8 '=  90' and t h e  s p a c e c r a f t  tumbles abou t  a t r a n s v e r s e  

I t  i s  t h u s  impera t ive  t h a t  t h e  n u t a t i o n  

be  damped o u t  as t h e  s p a c e c r a f t  is  be ing  despun, 



4 . 3  Despin With Passive -- -.--- Nutation Damping 

We next examine the possibilities of passive damping. 

Most dampers are designed to be most effective at a specific 

spin rate, that is, they are tuned to a specific driving 

frequency. These dampers have highly "peaked" dissipation. 

characteristics; they're very effective at their tuned 

frequency but are very poor dissipators at other frequencies. 

In this case, since the spin rate is constantly decreasing, 

it is more desirable to have a damper which is more 

effective over the entire spin interval. The viscous 

damper has this characteristic. Consider the configuration 

shown in Figure 4 . 2  where two microthrusters provide a 

constant despin torque and a viscous damper mounted 

parallel to the spacecraft spin axis damp nutations. 

The condition for a stable despin is 6 ' < 0 .  Reinembering 

Equation (2-21), this means that the damper must decrease 

the transverse angular rate proportionately as fast as 

the thrusters are reducing the spin rate. Thus we should 

be able to find a stability condition in terms of the 

thruster and damper characteristics. This is done by 

invoking the energy sink approximation to the motion, 

in which the damper is modeled as a passive device which 

simply extracts energy from the dynamic system. Using 

this approximation : 
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And from geometry , 

1; w‘; 
Ha = - 

Therefore, (4-5) becomes 

Substituting for Ui in Equation (4-4) 

Differentiating with respect to time 

(4-9) 

Thus fo r  &; 4 the stability requirement b r < O  gives 

(4-10) 
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Since ?C 0 and 0, the stability requirement can be 

written as 

For this caseo . 
T =: -M. a3 + TdampV 

(4-11) 

(4-12) 

where M is the despin torques exerted by the thrusters. 

And & - H  
Using Equations (4-2) and ( 4 - 3 ) :  

(4-14) 

Therefore, Equation (4-11) becomes 

Equation (4-15) represents'the stability criteria in 

terms of the damper energy dissipation rate and the 

magnitude of the despin torque. Now, to find T, ~ 

we must find the bodyacceleration at the damper due to 

the nutation. Let 8 be the vector from the spacecraft 
center of mass to the damper attachment point P: 

d P  

(4-16) 
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T h e  angular velocity with respect to the body-fixed 

axes can be written in terms of the nutation Eufer 

angles as 

( 4 - 1 7 )  

( 4 - 1 8 )  

( 4 - 1 9 )  

Differentiating: 

( 4 - 2 2 )  

( 4 - 2 3 )  

Applying Equations ( 4 - 1 6 )  to (4-22) to (4-23): 



S i n c e  the damper i s  mounted p a r a l l e l  t o  t h e  z a x i s ,  we 

are o n l y  i n t e r e s t e d  i n  t h e  (1 component. Using t h e  

assumption t h a t  t h e  n u t a t i o n  ampl i tude  i s  small and 

t h a t ' i t  changes very  l i t t l e  ove r  one cycle: 

P 

e' 44 4 

$44 +' 
Equat ion  ( 4 - 2 6 )  can be s i m p l i f i e d  t o  

? Note t h a t  t h e  a c c e l e r a t i o n  i s  cyclic i n  2y b 

The n u t a t i o n  r a t e  was found ea r l i e r  as 

Hence 

Applying t h e s e  two e q u a t i o n s  t o  ('4-29): 

( 4 - 2 7 )  

(4-28) 

(4-29) 

(2-41) 

(4-30) 

where 



T h e q u a t i o n  of motion f o r  the darnper mass i s :  

W L ~ , +  .&(A,,,- &) = 0 
.. 

ntsm+-Pr$,=-m';R, (4- 31) 

where 
? I. 

A , =  
and 6,= d,- dp = r e l a t i v e  'd i sp lacement  of damper mass, m e  

Wri t ing  t h e  d r i v i n g  a c c e l e r a t i o n  as 

Taking t h e  Laplace t r ans fo rm of ( 4 -  31) : 

(4- 32) 

(4 -  339 

(4 -  34) 
a- 

where lyvl 
C f Z  - 

Taking t h e  i n v e r s e  t r ans fo rm g i v e s  a s t e a d y  s t a t e  

s o l u t i o n :  
-I 

(4-35) 

- I  0 
where Y,=ka& 7 (4- 36) 

The power d i s s i p a t e d  by t h e  damper i s  yiven by -&(S[t))" 

(4-  37) 
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The average power loss  is then 

From Equation (4-30) : 

Therefore, the energy dissipation rate becomes: 

( 4 - 3 8 )  

(4-39) 

(4-40) 

, z - '  

Putting this result into the stability condition, Equa t ion  

(4-15) 

Using the assumption 8'44.1, the right hand side simplifies 

Thus Equation (4-42) becomes 

(4-44) 
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Note t h a t  for any g i v e n  system, t h e  o n l y  v a r i a b l e  i n  t h e  

above relation is the spin rate. e Thus it is obvious 

t h a t  t h e  above i n e q u a l i t y  cannot  always be s a t i s f i e d  

as c3 goes t o  zero. N r i t i n y  ( 4 - 4 4 )  as an e q u a l i t y  2 
r e s u l t s  i n  an  e q u a t i o n  which can  be s o l v e d  for Lo; p t h e  

s p i n  ra te  below which t h e  motion d i v e r g e s :  

* 
For most sys tems,  

assumption t h a t  (.O-l)aWvz d Z  t h e n  Cd: i s  simply 

0 )  xi11 be small so we can make t h e  

a 

(4-46) 

* 
Note t h a t  a s  expec ted ,  h l b  v a r i e s  d i r e c t l y  with t h e  d e s p i n  

t o r q u e  and i n v e r s e l y  w i t h  t h e  s q u a r e s  of t h e  damper mass 

and t h e  d i s t a n c e  from t h e  s p a c e c r a f t  c e n t e r  of mass. 

For t yp ica l  values:  
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To get an idea of the bes t  that can be expected from 

passive dampers, similar calculations were carried out 

for a tuned pendulous damper as shown in Figure 4.3. It 

is assumed that as the spin rate decreasesp the spring 

and damping constants also change to keep the damper,alwaya 

tuned: Lim's (6)analysig of this damper resulted i n  

the following expression for power dissipation: 

(4-47) 

where 

e', = 

a, = 

& =  

maximum 0' expected 

maximum allowable damper deflection 

length of pendulum arm 

The resulting expression for  the critical spin rate is 

For typical values I 

( 4 - 4 8 )  
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4 . 4  A c t i v e l y  P i t c h e d  T h r u s t e r s  

With t h e  f a i l u r e  of p a s s i v e  damping t o  p rov ide  a 

s t a b l e  Clespin, t h e  n e x t  s t e p  was t o  i n v e s t i g a t e  t h e  

p o s s i b i l i t y  of ac t ive  n u t a t i o n  damping, T h i s  can  be 

accomplished by p i t c h i n g  t h e  t h r u s t e r s  so t h a t  t hey  

produce t r a n s v e r s e  to rques  as w e l l  as d e s p i n  t o r q u e t  

as shown i n  F i g u r e  4.4. P i t c h i n g  of t h e  t h r u s t e r s  

can be c o n t r o l l e d  t o  accomplish a11 t h r e e  o b j e c t i v e s :  

(1) d e s p i n ,  ( 2 )  sun-poin t ing ,  and ( 3 )  a c t i v e  n u t a t i o n  

damping. T o  de te rmine  a workable p i t c h i n g  scheme, t h e  

t o r q u e  r equ i r emen t s  must f i r s t  be de termined .  Return ing  

t o  t h e  e q u a t i o n s  of motion developed ea r l i e r ,  (2 -34) to  

(2 -37)#  t h e  n u t a t i o n a l  e q u a t i o n s  are: 

( 4 - 4 9 )  

(4-50) 

(4-51) 

I f  we once a g a i n  u s e  t h e  assumption of s t e a d y  motion,  5" 
can be ignored  and t h e  e f f e c t  of t h e  t h r u s t e r  t o r q u e  o v e r  

one cycle is negligible BO 

t h e  t o r q u e  free r e s u l t :  

t h a t  the n u t a t i o n  rate i e  s t i l l  

(2-41) 



* (  
Solv ing  f o r  0 i n  Equat ion  (4-50)  g i v e s :  

D i f f e r e n t i a t i n g  (2-41) to .  g e t  $': 

(4-52) 

(4-53) 

S u b s t i t u t i n g  Equat ions  ( 2 - 4 1 )  and (4-53) i n t o  (4-52) : 

(4-54) 

T h i s  e q u a t i o n  shows two s e p a r a t e  e f f e c t s  t h a t  t o r q u e s  have 

on t h e  n u t a t i o n  ampli tude.  The f i r s t  i s  due t o  t o r q u e s  

a c t i n g  a long  t h e  Y'axis; a n e g a t i v e  N,* t e n d s  t o  r educe  

n u t a t i o n s .  The second effect is t h a t  due t o  the despin 

t o rque .  A s  d e s c r i b e d  ea r l i e r ,  n u t a t i o n s  w i l l  grow a s  

t h e  s p i n  r a t e  is d e c r e a s e d  simply because t h e  n u t a t i o n  

is 

t o  

p r o p o r t i o n a l  t o  

spin momentum: 

tam 

t h e  r a t i o  of transverse a n g u l a r  momentum 

Ny, e f f e c t s  W, while  Ns* e f f e c t s  &la . Thus Equat ion  

(4 -57 )  g i v e s  . t he  cond$.tion f o r  s t a b l e  d e s p i n  ( 0 ' 4  0): 



o r  s i n c e  both  N,v and hl, are nega t ive :  

(4-55) 

This  c o n d i t i o n  s imply s t a t e s  t h a t  f o r  n u t a t i o n s  t o  d e c r e a s e  

t h e  N,, t o r q u e  mus t  be l a r g e  enough i n  p r o p o r t i o n  t o  t h e  

N ,  t o r q u e  t o  keep the  r a t i o  of t r a n s v e r s e  t o  s p i n  

momentum always d e c r e a s i n g .  

The p r e c e s s i o n a l  e q u a t i o n s  f o r  ' 'high" s p i n  rate 

gives  t h e  fo l lowing  r e s u l t :  

Thus t o  reduce  o ~ v  a p o s i t i v e  N y A g  t o r q u e  is  r e q u i r e d .  

For t w o  t h r u s t e r s  mounted on t h e  -t-$ and - $ axes  and 

p i t c h e d  a t  an ang le  2 9  I t h e  to rques  are as fo l lows :  

Nit* = - - N m q  
Transforming t o  p r e c e s s i o n a l  c o o r d i n a t e s :  

N SA* = -Msb ~ ( c + ' s Y '  - S + C ~ ' C B ' )  -MwqsQis~' (4-60) 

(4-57) 

(4-58) 

(4-59) 



I t  i s  assumed t h a t  a p a s s i v e  damper has  brought  €)'down 

from i t s  i n i t i a l  v a l u e  t o  10' t o  some ve ry  small a n g l e ,  

so t h a t  $ * C (  a With t h i s  assumption,  Equat ions  (4-60) 

t o  (4-62) s i m p l i f y  to: 

(4-63) 

(4-64) 

Remembering t h a t  t h e  requi rement  for r e d u c t i o n  of n u t a t i o n ,  

O ' ,  r e q u i r e s  a n e g a t i v e  Ny* t o r q u e  where N,* i s  g i v e n  

by Equat ion ( 4 - 5 8 ) ,  Thus t h i s  requi rement  i s  met i f  32 

is swi tched  such t h a t  s i n  y cosyl' is always n e g a t i v e .  

c o n d i t i o n  t o  reduce  QAV r e q u i r e s  t h a t  N y R V  a lways  be 

p o s i t i v e ;  t h u s  q m u s t  be switclicd so t h a t  s i n q c o s q  always 

remains p o s i t i v e .  

The 

(4-66) 

Note t h a t  t hey  are n o t  always compatible; hence one p o s s i b l e  

s w i t c h i n g  scheme would be t o  s n i t c h  between '?,when t h e  

two requi rements  are compat ib le ,  and t o  set  7 
are no t ,  as shown i n  t h e  fo l lowing  t a b l e :  

0 when they  
@ 
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The above 8cheme w i l l  a ch ieve  a l l  t h r e e  o b j e c t i v e s :  

d e s p i n ,  sun -po in t ing ,  and n u t a t i o n  damping as long as t h e  

assumption of s t e a d y  p r e c e s s i o n  and n u t a t i o n  are v a l i d ,  

F o r , t h r u s t c r s  producing  40 dyne-cm of t o r q u e ,  and yo= l o o e  

it was de termined  t h a t  t h e  minimum s p i n  r a t e  for v a l i d i t y  

of t h e s e  assumptions i s  approximately , l is/min, Thus,  

whereas w i t h  p a s s i v e  damping n u t a t i o n s  can  be c o n t r o l l e d  

only  down t o  abou t  2 r/min, w i t h  t h i s  ac t ive  scheme we 

can do so down t o  about h a l f  an r/min. The re fo re ,  u s i n g  

t h i s  scheme, w e  can  e x p e c t  t o  reach  t h e  fo l lowing  c o n d i t i o n s :  

(a) 3 a x i s  p o i n t i n g  closely t o  t h e  s u n r  

small  n u t a t i o n  ampl i tude ,  O ' U d .  (c) Cd2 .5 r/rnin. At 

t h i s  p o i n t ,  t h e  s w i t c h i n g  t h r u s t e r s  scheme w i l l  no l o n g e r  

1. 10" : (b) ve ry  

work a n d y  must  be se t  t o  z e r o  t o  produce on ly  a d e s p i n  

t o r q u e ,  I t  was hoped t h a t  i n  t h e  f i n a l  s t a g e  of d e s p i n  

from . 5  r/min t o  zero, t h e  r e s t o r i n g  vane t o r q u e s  would 

p r e v e n t  t h e  motion from d i v e r g i n g  t o o  much and t h a t  t he  

r e s u l t i n g  motion would be a s imple  l i b r a t i o n  which could 

be damped o u t  by movinq t h e  vanes as d e s c r i b e d  ear l ie r .  

F u r t h e r  a n a l y s i s  showed t h a t  t h i s  does  n o t  happen. 



60 

4 . 5  F i n a l  Despin 

T o  i n v e s t i g a t e  t h e  motion a t  Qi= 0 ,  c o n s i d e r  t h e  

c o n f i g u r a t i o n  shown i n  F i g u r e  4.5. For unpi tched  vanes  

<P=O), t h e  t o r q u e s  produced are p u r e l y  r e s t o r i n g ,  t h a t  i s ,  

on ly  N x t o r q u e s  are gene ra t ed .  

always p e r p e n d i c u l a r  t o  b o t h  t h e  zs-axis and t h e  z - a x i s  

t h e  component of t h e  t o t a l  a n g u l a r  momentum a long  these 

two axes must be c o n s t a n t  i n  t i m e :  

S i n c e  t h e  X-axis is 

(4-68) 

I n  o r d e r  f o r  t h e  motion t o  be a t r u e  l i b r a t i o n ,  it must 

p a s s  through 8=0. Thus f o r  t h i s  c o n d i t i o n ,  t h e  above 

e q u a t i o n s  g i v e  

tl, = I,o, 

Theref  ore , Hz; Ha= c o n s t a n t  

Thus fo r  W4=0 

(4 -70)  

(4-71) 

(4 -72)  

H = H = o  
*s z (4-73) 
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Hence, Equation (4 -6  8) gives : 

+ =  0 

y = o  

( 4 - 7 4 )  

always 

The conclusion is that f o r  the condition W,=Oo the motion 

will pass through e3=0 if and o n l y  if the motion is a true 

libration, .The condition fo r  librational motion is 

G),= 9 = 

we are dcapinning from some initial value of W2down to 

(iJ,=O, the precession rate, 4 ,  does not approach zero as 

Uagoes to zero1 on the contraryp 4 t e n d s  to increase 

in magnitude a5 the spin rate decreases, Thus it is 

evident that when W,=O is reachcd,?i,and 4 will not be zero 

a b 

=O,as seen above. However, f o r  our case where 

b 

and librational motion is not possible, 

Thus the general solutiontat W,=O is given by: 

H, # 0 
9 

(4-75) 

(4-76) 

( 4 - 7 7 )  

( 4 - 7 8 )  
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An a n a l y t i c  so l .u t ion  which comple te ly  d e s c r i b e s  t h e  motion 

i n  t h i s  f i n a l  s t a g e  of d e s p i n  i s  n o t  p o s s i b l e ,  so a computer 

program was used  t o  numer i ca l ly  i n t e g r a t e  t h e  complete  

general e q u a t i o n s  of motion t h a t  were d e r i v e d  ear l ie r :  

A 1 ~ 6  - ~ , + t s e c ~  + I + ~ S Q  = N x n ( G i s Z H l x  (2-34) 

(2-36) 

(2-37) 

T h e  s p a c e c r a f t  i s  assumed t o  have t h e  c o n f i g u r a t i o n  shown 

i n  F i g u r e  4 . 5  where t h e  m i c r o t h r u s t e r s  p rov ide  d e s p i n  

t o r q u e  and t h e  unp i t ched  r e f l e c t i n g  vanes produce o n l y  

r e s t o r i n g  t o r q u e s ,  N,, 
below t 

The  parameters  used are shown 

Vane c o n s t a n t s :  & = 70' 

T h r u s t e r  d e s p i n  t o r q u e :  M= 40 4 t ~ n e - c ~ .  

I n  t h e  program, t h e  t h r u s t e r s  are cu t -of f  when 

f i rs t  reached.  The f i r s t  run  was made assuming no i n i t i a l  

n u t a t i o n ;  t h e  i n i t i a l  c o n d i t i o n s  used were: 

W g C , o i s  
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The r e s u l t i n g  motion of t h e  s p a c e c r a f t  3 a x i s  abou t  t h e  

sun l i n e  is p l o t t e d  i n  

Note t h a t  i n i t i a l l y  t h e  motion i s  a v e r y  slow p r e c e s s i o n .  

However, as t h e  s p i n  ra te  f a l l s  below -.l r/nin,  t h e  

a p p l i e d  Nx torques produced by s o l a r  p r e s s u r e  on t h e  vanes 

are s u f f i c i e n t l y  l a r g e  i n  comparison t o  t h e  a n g u l a r  

momentum of t h e  s p a c e c r a f t  t o  cause  a n u t a t i o n  t o  b u i l d  

up i n  a d d i t i o n  t o  t h e  p r e c e s s i o n .  Note that: a t  t h i s  low 

s p i n  r a t e ,  t h e  n u t a t i o n  ra te  becomes comparable to t h e  

p r e c e s s i o n  r a t e  making it imposs ib l e  t o  s e p a r a t e  and d i s t i n g u i s h  

bctween t h e  two mot'ions. T h i s  c o u p l i n g  becomes more 

- (p c o o r d i n a t e s  i n  F i g u r e  4 . 6 .  

pronounced as t h e  s p i n  ra te  decreases. 

t h r u s t e r s  are c u t  off so t h a t  t h e  on ly  t o r q u e  a c t i n g  i s  

t h e  r e s t o r i n g  t o r q u e  due t o  so l a r  p r e s s u r e  on t h e  vanes .  

The r e s u l t i n g  motion i s  a pseudo l i b r a t i o n - p r e c e s s i o n  of 

t h e  s p a c e c r a f t  ;j. a x i s  about  t h e  sun  l i n e .  The open 

e l l i p t i c a l  p a t h s  are t r a v e r s e d  a t  approximate ly  the 

l i b r a t i o n  ra te  (-50 m i n u t e s ) .  Note t h a t  because t h e r e  

A t  W2=0,  t h e  

was n o ' i n i t i a l  n u t a t i o n ,  8 never  exceeds  t h e  i n i t i a l  

v a l u e  of 7'. 



The n e x t  case s t u d i e d  assumed a n  i n i t i a l  n u t a t i o n  

ampl i tude  of abou t  3 0 ' .  T h i s  i s  a more r e a l i s t i c  

c o n d i t i o n  t h a n  t h e  above because  i f  we assume ac t ive  

n u t a t i o n  c o n t r o l  down t o  1 r/rnin, t h e  r e s i d u a l  ampl i tude  

a t  t h a t  p o i n t  can  be expec ted  t o  be  on t h e  o r d e r  of  

a b o u t  h a l f  a degree.  The i n i t i a l  c o n d i t i o n s  used were: 

0,= 7 O  GI+.= ,01 r/min 

9, = 0' C C ' ~ ~ =  o r/&- 

Ye= oe uj0= 1.0 r/ttllI% 

The r e s u l t i n g  motion i s  p l o t t e d  i n  F igu re  4.3, Note t h a t  

i n i t i a l l y  t h e  mot ion  i s  very  well d e s c r i b e d  by t h e  "h igh"  

s p i n  ra te  approximation -- a s u p e r p o s i t i o n  of a fast 

torque f r e e  n u t a t i o n  on a slow to rqued  p r e c e s s i o n ,  The 

p l o t  shows t h a t  as expected, t h e  n u t a t i o n  ampl i tude  i n c r e a s e s  

as t h e  s p i n  r a t e  dec reases .  Once a g a i n ,  when goes to  

zero and t h e  t h r u s t e r s  are c u t - o f f ,  t h e  r e s u l t i n g  motion 

can be d o s c r i b e d  as a pseudo l i b ra t ion -p receaBion  about 

t h e  sun  a t  approximately t h e  l i b r a t i o n  ra te .  Note, however, 

t h a t  because t h e E w a s  an  i n i t i a l  n u t a t i o n ,  t h e  motion i s  

more i r r e g u l a r  and d ive rged  c o n s i d e r a b l y  from t h e  i n i t i a l  

v a l u e  of 8 = 7 "  t o  a maximum value of abou t  30'. 

A t h i r d  case was run  w i t h  i n i t i a l  c o n d i t i o n s  based 

on t h e  assumption of p a s s i v e  n u t a t i o n  damping down t o  

2 r/min wi th  no f u r t h e r  damping a f te r  t h a t  p o i n t .  Thus 

t h e  i n i t i a l  c o n d i t i o n s  used were: 
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Again, the motion at W,=O is an irregular libration- 

precession with the period of about fifty minutes, 

(Figure 4.8) .  Howeverl due to a larger initial nutation, 

the motion diverged considerably to a maximum of 8 Z 8 3 . S o 1  

These results emphasize the critical need to control 

nutations at very low spin rates. 

4.5 Difficulties Nith the Despun Configuration 

It appears that the completely despun configuration 

contains inherent difficulties which may be very difficult 

to overcome. The first is the sensing problem. Since 

the scheme requires that O,=O be detected, the sensing 

method used must be able to measure Waaccurately. 

Remembering that d 2 = ~ + ~ c e  

only measure 2c) and not $ , we see that in the "high" 

spin rate regime, I 141, s o  that (2,"- and hence 

a solar measurement o f  '$ gives an excellent indication of 

and that a sun sensor can 

0, e However, as the spin rate approaches zero, 141 
becomes comparable to 141 so that solar sensing cannot' 

be used to detect W+=O. 

would be required, adding to spacecraft complexity and 

weight. ' 

Thus another sensing device 



The second difficulty is the need for complete 

nutation control at low spin rates, The above results 

showed that even tiny residual nutations can cause 

wildly diverging motions when dzgoes to zero. Associated 

with this problem is that of how to damp out these 

motions to achieve the required initial orientation. 

Both of these problems could possibly be solved with 

the use of 'a much more complex control scheme, but again, 

the entailing weight and complexity make this solution 

less than desirable. 

The final and'most inherent drawback of a completely 

despun configuration is its sensitivity to disturbance. 

Unlike a spinning configuration which possesses an inherent 

"stiffness" due to its angular momentum, the despun 

spacecraft is very susceptible to impulsive torque 

disturbances such as micro-meteoritic impact or outgassing 

from a malfunctionihg component. Thus even if it were 

possible to initially despin and orient the spacecraft, 

any disturbance would necessitate a re-orientation 

during which time the signal received at earth would be 

diminished or lost. 

In view of its many inherent drawbacks, the despun 
' .  configuration did not appear promising and was not 

investigated further. 



Figure 4.1 Possible despun configuration 



microthruster 

Figure 4.2 Despin scheme w i t h  viscous nutation damping 

Figure 4.3 Despin scheme w i t h  tuned pendulous damper 



Figure 4 . 4  I n i t i a l  o r i e n t a t i o n  scheme us ing  p i t c h e d  thrusters 

e 
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Figure 4 . 5  F i n a l  despin  conf igurat ion  



I 

t -7 

Figure 4.6 Spacecraft motion at final stage of despin 

0 
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Figure 4 . 7  Spacecraft motion at f i n a l  Btage of despin 
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Figur: 4 .8  Spacecraft motion at f i n a l  stage of despin 
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CHAPTER 5 

DUAL SPIN CONFIGURATION 

5 . 1  Configuration Description 

All the difficulties in the despun configuration 

stem from the basic condition that the spacecraft has no 

angular momentum (aside from that due to orbital rate 

which is negligible). However, it was required to despin 

the spacecraft in order to maintain proper antenna 

orientation. 

requirements is a dual spin configuration where the 

section gf the spacecraft on which the antennas are 

The classic solution to these two conflicting 

mounted is completely despun while the remainder of the 

bpacecraft is maintained at some high spin rate, For 

this configuration, all the difficulties encountered in 

the despun spacecraft are eliminated. The sensing of 

us is greatly simplified because for a spinning configuration, 

w,.+ thus solar sensing of 4 is an excellent approximation 
to f l a .  

become far less critical because the nutational and 

precesaional motions become uncoupled (assuming that 2 

the spinning section has sufficient angular momentum) 

and the overall dynamics can be modeled as a fast torque 

The effect of nutations on spacecraft dynamics 



f ree  n u t a t i o n  superposed  011 a very s l o w  to rqued  motion 

("high" s p i n  rate approximat ion)  . Any e x i s t i n g  n u t a t i o n  

can  be damped o u t  by pass ive  dampers. 

of t h e  dua l  s p i n  c o n f i g u r a t i o n  i s  t h a t  it i s  less v u l n e r a b i e  

t o  d i s t u r b a n c e  t o r q u e s .  

The f i n a l  advantage 

There are b a s i c a l l y  t w o  p o s s i b l e  d u a l  s p i n  c o n f i g u r a t i o n s .  

The f i r s t  is  o n e . i n  which t h e  s p a c e c r a f t  i s  s imply d i v i d e d  

i n t o  two s e c t i o n s ,  one s p i n n i n g  and one despun. Such a 

d e s i g n  i s a o w n  i n  F i g u r e  5 . 1  where s e c t i o n  B c o n t a i n i n g  

t h e  an tennas  i s  despun w h i l e  s e c t i o n  A c o n t a i n i n g  t h e  

s a i l s  is mainta ined  s p i n n i n g  a t  a h igh  ra te .  The d i f f i c u l t y  

w i t h  t h i s  c o n f i g u r a t i o n  i s  t h a t  the r e q u i r e d  b e a r i n g  

between A and B would be s u b j e c t e d  t o  t h e  space  environment 

and t h e r e f o r e  p r e s e n t s  l u b r i c a t i o n  problems. Also, t h e  

b e a r i n g  would have t o  be e l e c t r i c a l l y  conduct ing  i n  o r d e r  

t o  p rov ide  power fo r  s e c t i o n  A. Since  f a i l u r e  of t h e  

b e a r i n g  would b e  c a t a s t r o p h i c  t o , t h e  mis s ion ,  a second 

c o n f i g u r a t i o n  as shown i n  F i g u r e  5.2 appea r s  mol-F3desirablc. 

Here, t h e  e n t i r e  s p a c e c r a f t  is despun e x c e p t  f o r  a s m a l l  

con ta ined  momentum wheel.  I n  t h i s  case, t h e  e n t i r e  

momentum wheel sys tem would be s e a l e d  and hence free 

from t h e  e f f e c t s  of t h e  space  environment.  Another minor 

advantage of t h i s  d e s i g n  is t h a t  t h e  momentum wheel 

h a s  e s s e n t i a l l y  no energy  d i s s i p a t i o n ; i n  t h e  e a r l i e r  

L 

c o n f i g u r a t i o n ,  any f l e x i b l e  p a r t s  i n . t h e  s p i n n i n g  s e c t i o n ,  



such  as 'the sai ls ,  p r o v i d e  energy d i s s i p a t i o n  which a d v c r s e l y  

e f f e c t  t h e  n u t a t i o n a l  s t a b i l i t y  of t h e  s p a c e c r a f t ,  T h i s  

t o p i c  w i l l  be d i s c u s s e d  i n  a la ter  s e c t i o n l  T h e  p r i n c i p a l  

d i sadvan tage  of t h e  momentum wheel system is t h e  weight 

p e n a l t y  due  t o  t h e  momentum wheel i t s e l f ,  Whereas i n  t h e  

ear l ier  c o n f i g u r a t i o n ,  components of t h e  basic s p a c e c r a f t  

p r o v i d e  t h e  s p i n  i n e r t i a ,  t h i s  second d e s i g n  r e q u i r e s  a 

s e p a r a t e  wheel which serves no purpose e x c e p t  t o  p rov ide  

s p i n  i n e r t i a ,  I t  was decided t h a t  because b e a r i n g  r e l i a b i l i t y  

is so c r i t i c a l  t o  the s u c c e s s  of t h e  m i s s i o n ,  t h e  g r e a t e r  

r e l i a b i l i t y  of  t h e  momentum wheel sys tem far outweighed t h e  

p e n a l t y  i n  ex t r a  weight  involved .  

Before  proceeding  t o  s t u d y  t h e  dynamics of such a 

c o n f i g u r a t i o n l  t h e  moments of i n e r t i a  o f  t h e  s p a c e c r a f t  m u s t  

f i r s t  be determined.  T h e  s p a c e c r a f t  can be d i v i d e d  i n t o  

t h r e e  s e p a r a t e  components: (1) an i n e r t i a l l y  symmetric 

body, (2) an i n e r t i a l l y  symmetric momentum wheel,  and 

( 3 )  a p a i r  of r o t a t a b l e  y a g i  an tennas .  

where these  i n e r t i a s  are c a l c u l a t e d  wi th  r e s p e c t  to  t h e  

body-fixed axes {%,?,%I e 

t h a t  as t h e  an tennas  ro ta te  t o  t r a c k  e a r t h ,  t h e i r  i n e r t i a s  

F i r s t  o f  all, it is o b v i o u s '  

with  r e s p e c t  t o  t h e  "b" system will change: The e f fec t  of 
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t h e  r o t a t i o n  i s  t o  make t h e  body axes no l o n g e r  p r i n c i p a l .  

I n  f ac t ,  t hey  w i l l  be  principal axes only for $ =  0 ,  7C ? T r  , 
w . # . .  fi X I  where 5 i s  measured from t h e  3 a x i s .  I n  general, 

r o t a t i o n  of t h e  a n t e p n a s  through some angle $ i n t r o d u c e s  

p roduc t  of i n e r t i a  terms. Because t h e  r o t a t i o n  is abou t  

t h e  $ - a x i s ,  t h i s  a x i s  is always p r i n c i p a l ,  I n  general, 

t h e n l  t h e  inertia matrix of t h e  e n t i r e  s p a c e c r a f t  will-be: 

The antenna  i n e r t i a s  as a f u n c t i o n  of t h e  an tenna  

dimensions and the r o t a t i o n  a n g l e  5 are worked o u t  i n  

Appendix C, I t  t u r n s  o u t  t h a t  because t h e  an tennas  a r e  

so'rnassive, their i n e r t i a s  dominate. T y p i c a l  values are: 



5 . 2  Momentum - Wheel Specifications and the Roll Control Loop 

The purpose of the momentum wheel is two fold: first, 

it provides the spacecraft with the required angular 

momentum; and secondly, it serves as a momentum source- 

sink which exchanges spin momentum with the main body to 

counteract roll disturbance torques. The minimum required 

angular momentum is determined by three factors: (1) the 

required "stiffness" to disturbances; (2) passive damping 

efficiency; and ( 3 )  validity of "high" spin rate equations. 

The last requirement isi t h e  more important one; the wheel 

must provide enough angular momentum so that sisteady'' 

precession and nutation are possible thus avoiding the 

coupling between the two motions which results in the wild 

gyrqtions seen in the study of the despun configuration 

at very low spin rates. For this dual spin configuratiqn, 

t h e  dynamical equations are identical to those derived 

earlier except fo r  the additional spin momentum term 

due to the wheel. Thus equations (2-34) to (2-37) 

written for this configuration becomes (for the momento 

st i l l  assuming a symmetric spacecraft): 
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where 

w h i l e  la is t h e  s p i n  i n e r t i a  of t h e  s p a c e c r a f t  w i t h o u t  

t h e  wheel,  C is t h e  s p h  i n e r t i a  of t h e  wheel,  and a, 
is t h e  wheel s p i n  r a t e ,  

e q u a t i o n s  become: 

1, is t h e  t r a n s v e r s e  i n e r t i a  of t h e  e n t i r e  spacecraft 

Opt imal ly ,  W t = O  so t h a t  t h e  

t h e  same role The wheel s p i n  momentum now p l a y s  e x a c t l y  

as I t a z  did i n  t h e  s i n g l e - s p i n  c o n f i g u r a t i o n .  I t  was 

determined e a r l i e r  t h a t  a lower l i m i t  of .It r/min would 

e n s u r e  t h e  v a l i d i t y  of t h e  "high" s p i n  r a t e  assuniption e 

Adding a f a c t o r  of s a f e t y ,  let us say t h a t  t h e  minimum 

a l l o w a b l e  e q u i v a l e n t  i s  . 3  r/min. This g i v e s  u s  t h e  

minimum spin a n g u l a r  momentum which tlle wheel must p rov ide .  

Assuming 
E 1, = 3x10 g m - d  then:  

f (3XlOS)(. 03) 
*in 

Take nallib= 5000 r/min, then:  

a c = Lg x IO*  3 w - y n  

Assume t h e  fo l lowing  wheel c o n f i g u r a t i o n :  



Then 

Thus,  a momentum wheel weighing about two pounds i s  

r e q u i r e d .  Assume t h a t  t h e  motor s a t u r a t e s  a t  1 0  4 

r/min, t hen  t h e  wheel o p e r a t e s  w i t h i n  t h e  i n t e r v a l  

5000 r/min t o  l o 4  r/min. 

is roached ,  a c o r r e c t i n g  t o r q u e  must be provided  t o  

keep  t h e  wheel speed  w i t h i n  t h e  al lowed i n t e r v a l .  Thus 

in t h e  dual s p i n  a p p l i c a t i o n ,  t h e  momentum wheel operates 

a b o u t  a bias  i n s t e a d  of abou t  zero as i n  more c o n v e n t i o n a l  

a p p l i c a t i o n s .  

I4hen e i t h e r  of t h e s e  l i m i t s  

The n u t a t i o n  r a t e  is now given  by: 

+':---t C R  
*% (5-101 

Thus, .03 rad/sec 6 I +'\ 5 .06 r ad / sec .  The damper 

can  t h e r e f o r e  be tuned  t o  t h i s  range of f r e q u e n c i e s .  

For t h e  s t u d y  and d e s i g n  of t h e  ro l l  c o n t r o l  l oop ,  

the following model can be used:  

Y 



.L. 

Compensation Motor I Amp" 

Two types qf compensation were studied and compared: 

(1) an integratpr system, and (2) a lead compensation 

system. The latter was rejected because fo r  a constant 

disturbance torque, L,cs)=$', the roll error grows with 

t i m e .  The following integrator compensation system 

appeared superior: 

L 

The open loop transfer function is: 

Thus, for stability, 

The response to a disturbance torque is: 

L For a s t e p  disturbance L, 2 : 

(5-11) 

(5-12) 

(5-14) 
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By s p e c i f y i n g  a maximum a l lowab le  r o l l  e r r o r  f o r  a s p e c i f i c  

d i s t u r b a n c e  t o r q u e ,  t h e  forward loop  g a i n  K9KmKZ is 

determined w i t h  t h e  r e s t r i c t i o n  t h a t  kx<&. 

of o t h e r  dynamic parameters  such as t h e  damping ra t io  

f u r t h e r  d e f i n e $  t h e  i n d i v i d u a l  gains ,  Design of t h e  r o l l  

c o n t r o l  l o ~ p  is a s t r a i g h t  forward a p p l i c a t i o n  of l i n e a r  

S p e c i f i c a t i o n  

t h e o r y  and will n o t  be shown here, I n  tho  f i n a l  s t a g e  

of i n i t i a l  o r i e n t a t i o n ,  t h e  r o l l  e r r o r  would normally be 

ve ry  l a r g e ,  r e s u l t i n g  i n  a very l a r g e  e r r o r  s i g n a l  t o  t h e  

r o l l  loop. T h i s  s i t u a t i o n  would a lso occur  i f  t h e  F@ 

r o l l  r e f e r e n c e  up l ink  i s  used approximately every twenty 

four  hours  t o  c o r r e c t  t h e  error bui ld-up  due t o  s e n s o r  

inaccuracy .  These la rge  e r r o r  s i g n a l s  would s a t u r a t e  

t h e  motor a m p l i f i e r .  Thus a n o n - l i n e a r  a n a l y s i s  was 

also under taken  t o  de termine  t h e  system response  t o  

l a r g e  s i g n a l s .  The motor was modeled as an i d e a l  r e l a y  

and t h e  " s w i t c h i n g  t i m e "  method used. It was found t h a t  

f o r  r o l l  errors as g r e a t  as 4 0 ° ,  t h e  s e t t l i n g  t i m e  was 

on the o r d e r  of t e n s  of minutes  which is p e r f e c t l y  

a c c e p t i b l c .  

documented i n  r e f e r e n c e s  (10) and (11) and hence w i l l  

The methods used i n  t h i s  a n a l y s i s  are well 

not be shown h e r e .  

5 . 3  S p a c e c r a f t  Dynamics 

The momentum wheel is des igned  t o  p rov ide  s u f f i c i e n t  

a n g u l a r  momentum so t h a t  t h e  "high" s p i n  ra te  approximation 



t o  t h e  motion i s  v a l i d .  T h e  dynamics of t h e  s p a c e c r a f t  

can therefore be modeled as a sum of t w o  uncoupled mot ions ,  

a f a s t  t o r q u e - f r e e  n u t a t i o n  about  t h e  angu la r  momentum 

vector superposed  cjn a slow to rqued  motion of t h e  a n g u l a r  

momentum v e c t o r ,  Thus, w e  are allowed t o  ana lyze  t h e  

two motions s e p a r a t e l y ,  

N u t a t i o n s  a r e  n o t  as c r i t i ca l  t o  t h e  motion of a 

d u a l  s p i n  s p a c e c r a f t  as they  are t o  t h e  despun c o n f i g u r a t i o n .  

For t h e  s p a c e c r a f t  w i t h  s p i n ,  a p a s s i v e  damper mounted 

on t h e  s p a c e c r a f t  body p rov ides  more t h a n  adequate  

n u t a t i o n  c o n t r o l .  The on ly  factor  which r e q u i r e s  

i n v e s t i g a t i o n  i s  s t a b i l i t y ;  it m u s t  be de te rmined  whe the r  

t h e  damper a c t u a l l y  damps o u t  n u t a t i o n  or whether  it 

r e e n f o r c e s  it, caus ing  t h e  n o t i o n  t o  diverge. For 

s i n g l e  s p i n  bod ies  w i t h  energy d i s s i p a t i o n ,  t h e  b e l l  

known major a x i s  r u l e  a p p l i e s  -- on ly  s p i n  a b o u t - t h e  

major a x i s  of i n e r t i a  i s  stable .  If we were t o  apply  

t h i s  r u l e  t o  our  case, w e  would conclude t h a t  t h e  

sys tem is  n o t  always s table ,  f o r  as t h e  an tennas  rotate ,  

t h e  s p i n  a x i s  ceases t o  be t h e  major i n e r t i a  a x i s .  

I n v e s t i g a t i o n s  i n t o  t h e  s t a b i l i t y  of d u a l  s p i n  bod ies  

have shown t h a t  t h e  "major ax is"  r u l e  does n o t  apply 

t o  such  c o n f i g u r a t i o n s .  I n  f ac t ,  t h e  r e s u l t  is t h a t  

when t h e  body t o  which t h e  damper i s  a t t a c h e d  i s  a t .  

rest (while t h e  r o t a t i n g  wheel c o n t a i n s  no energy 
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dissipation) I a dual spin system is assymptotically 

stable regardless of its inertia distribution. For 

the worst case, where the body containing the damper is 

spinning in inertial space and the wheel is at rest, 

the stability condition reduces to the above "major 

axis" spin requirement, Thus the general conclusion 

is that damping on the despun portion of a dual spin 

system adds to the stability whereas energy dissipation 

in the spinning portion is detrimental to stability, 

A stability analysis f o r  the specif,ic spacecraft 

configuration is shown in Appendix €3. 

motion are satisfied by the following solution: 

The equations' of 

O s =  wy.  a>= 0 

2 = O  
R e  n, (5-15) 

where 6 is the angular velocity of the main spacecraft 

body referred to body-fixed axestR is the spin rate of 

the momentum wheel, and 2 is the displacement from 

equilibrium of the damper mass. The stability conditions 

fqr this solution are: 

(B-60) 

. 
(B-61) 

Both conditions are always met for the given' configuration. 



When studying torqued motion, only the spin momentum 

of the wheel need be considered. Because the non-spinning 

body is essentially stationary, its inertia can be ignored. 

Thus, the "high" spin rate equations derived earlier are 

valid, giving: 

(5-16) 

ciL= N, (5-18) 

To find the equilibrium p o i n t  of the motion, set 4= & =  0.  

(5-19) 

. .  
(5-20) 

(5-21) 

For solar pressure torques on vanesI the erecting and 

precession components are well approximated by 

Thus (5-21) becomes: 

(5-22) 

(5-23) 
I 
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* 
For small 8 : 

And 

(5-24) 

(5-25) 

Thus, for  a precessing spacecraft such as Sunblazer where 

vy<< H W;s I the equilibrium position is 

which means that the average position of the spin axis is 

qeveral degrees above the ecliptic as it precesses about 

the sun l i n e .  

+'a 90" and Q*- so 

Remembering that with sun  sensing alone, a measurement 

Thus precession is undesirable from of Q) is not possible. 
an attitude sensing viewpoint. If we could therefore 

eliminate precession arid determine the resulting spacecraft 

equilibrium position, the need f o r  an additional roll 

sensing device would be eliminated since for # = 0 1  Qa=+ 

and hence a solar measurement of 8 and will completely 

specify the spacecraft attitude. To eliminate precession, 

N g  must be zero. Equations (5-16) and (5-17) become: 

( 5 - 2 6 )  

(5-27) 



Thus f o r  s u f f i c i e n t l y  l a r g e  I v y :  

The e q u i  

4" = 180" (5-28) 

(5-29) 

i b r ium p o s i t i o n  for  a non-precessing spacecraf t :  
* 

i s  t h e r e f o r e  3 
w i t h  t h e  sun  l i n e ,  

reasoned as follows, If t h e r e  are no t o r q u e s  a c t i p g  

on t h e  s p a c e c r a f t ,  t h e  momentum v e c t o r  would remain 

i n  t h e  e c l i p t i c  making a s m a l l  a n g l e  8 

This r e s u l t  can be i n t u i t i v e l y  

p o i n t e d  i n  t h e  same d i r e c t i o n  i n  i n e r t i a l  space  as t h e  

s p a c e c r a f t  orbits t h e  sun ,  r e s u l t i n g  i n  loss of sun 

p o i n t i n g  as shown below: 

Thus, if t h e  s p a c e c r a f t  i s  t o  be main ta ined  sun p o i n t i n g  

w i t h o u t  p r e c e s s i n g  a s u f f i c i e n t l y  l a r g e  e r e c t i n g  t o r q u e  

(equal t o  t h e  s p i n  momentum times t h e  o r b i t a l  a n g u l a r  

r a t e )  i s  r e q u i r e d .  

small e )  t h i s  results  i n  an e q u i l i b r i u m  p o s i t i o n  

t$*= 180" and ( ? = e *  as d e r i v e d  above. 

w e  know t h a t  t h e  s p a c e c r a f t  2 
p l a n e ,  a s imple  s o l a r  measurement of 8 and a l l o w s  complete  

S ince  1\1, i s  p r o p o r t i o n a l  t o  8 ( f o r  

Simply because 

a x i s  l i es  i n  t h e  e c l i p t i c  



d e t e r m i n a t i o n  of the  s p a c e c r a f t  a t t i t u d e  t h u s  e l i m i n a t i n g  

t h e  need f o r  a second v e c t o r  measurement. Note t h a t  

s i n c e  t h e  wheel sp in  ra te  varies between 5000 r/niin and 

10 r/min, t h e  e q u i l i b r i u m  p o i n t  w i l l  va ry  between 

co r re spond ing  t o  t h e  lower s p i n  momentum s t a t e  and 8'*.,,20* 

cor re spond ing  t o  R =  SO r/min. 

4 

4 

5 . 4  Produc t ion  o f  Control '  Torques 

The c o n t r o l  t o r q u e s  r e q u i r e d  are an e r e c t i n g  t o r q u e  

t o  ma in ta in  sun-poin t ing ,  and a s p i n  t o r q u e  N 2 t o  

d e s a t u r a t e  t h e  wheel. The r e q u i r e d  Ny is  

N, = cRo;, 
(5-30) 

The c o n t r o l  r equ i r emen t s  a r e :  (1) main ta in  8 i n  

t h e  i n t e r v a l  2O5851Oo and ( 2 )  ma in ta in  wheel speed i n  

t h e  i n t e r v a l  5000 r/minkn5'10 r/niin. The lower l i m i t  

on 8 s t e m s  from t h e  f ac t  t h a t  s e n s o r  s e n s i t i v i t y  i n  

decreases r a p i d l y  as 0 becomes small and i n  f ac t  a t  

8 = 0 ,  solar  measurement of i s  l o s t  comple te ly .  These 

t w o  d i s t i n c t  a t t i t u d e  c o n t r o l  requi rements  n e c e s s i t a t e  

4 

the a b i l i t y  t o  g e n e r a t e  N y  and Na independent ly  of each  

o t h e r .  

Using p a i r s  of i d e n t i c a l  vanes such as  Qn Sunb laze r  

r e s u l t s  i n  coupled Ny and torques, t h a t  is, for a 
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n e g a t i v e  p i t c h  a n g l e p  n e g a t i v e  erect ing and s p i n  t o r q u e s  

are g e n e r a t e d ,  x h e r e a s  for p o s i t i v e  p i t c h ,  t h e  reverse 

o c c u r s .  The reason f o r  t h i s  coup l ing  can  be s e e n  as , 

f o l l q w s ,  Cons ider  a p a i r  of vanes mounted OJI o p p o s i t e  

sides of t h e  s p a c e c r a f t  and p i t c h e d  a t  some a n g l e  .h t 

L i g h t  r e f l e c t i n g  o f f  t h e  vanes  create r e s u l t i n g  f o r c e s  f' 
and ka. The components F and F r e e n f o r c e  t o  produce 

a rsll t o r q u e ;  F% and Fb, on t h e  o t h e r  hand, c r e a t e  

o p p o s i t e  e r e c t i n g  t o r q u e s ,  however they  do n o t  cancel 

Q 
-4 

yo 

s i n c e  ll?d > (Fd due t o  t h e  f a c t  t h a t  

is p o s s i b l e  t o  produce r o l l  t o r q u e  w i t h o u t  a l so  produc ing  

ah e r e c t i n g  t o r q u e  only if e=  0.  

p i t c h  angles o f  t h e  vanes independen t ly  so t h a t  

a lways ,  N y  
resul ts  which is u n a c c e p t i b l e .  

s e p a r a t i n g  t h e  r o l l  and e r e c t i n g  t o r q u e s  when u s i n g  

vaqes is t h a t  o n l y  a s i n g l e  r e f l e c t i o n  o c c u r s  so t h a t  

a "bias" r e s u l t s  when 8 i s  n o t  z e r o  and t h e  M y  t o r q u e s  

&,. Thus it 

I f  we c o n t r o l l e d  t h e  

&=b 
would be zeroI however a n e t  p r e c e s s i o n  torque 

The d i f f i c u l t y  i n  
' ,  



c r e a t e d  by t h e  p a i r  of o p p o s i t e  vanes do  n o t  c a n c e l ,  T h i s  

prompted an  i n v e s t i g a t i o n  i n t o  b i g h t  p i p e s  which e s s e n t i a l l y  

t r a n s m i t  l i g h t  by t o t a l  i n t e r n a l  r e f l e c t i o n .  One c'an . ' 

t h i n k  of such l i g h t  p i p e s  as n o z z l e s  through which l i g h t ,  

a f l u x  of momentum, i s  c a r r i e d  and t h e n  d i scha rged .  

These ' 'nozzles"  which are mqde up of many i n d i v i d u a l  

f i b e r s  (-5Opq i n  diameter) can be r o t a t e d  t o  g i v e  

t o r q u e s  abou t  any desired d i r e c t i o n .  Because so many 

r e f l e c t i o n s  occur  w i t h i n  t h e  f i b e r s ,  t h e  above "bias" 

for 8 n o t  zero is e l i m i n a t e d .  

p i p e s  mounted on o p p o s i t e  sides of t h e  s p a c e c r a f t :  

Cons ider  two sets of l i g h t  

Exppr i rnenta l ly ,  it i s  found t h a t  t h e  i l l uminance  on tho 

e x i t  face appea r s  q u i t e  uniform independent  o f ' t h e  angle 

of i n c i d e n c e  8 
o c c u r  w i t h i n  t h e  fibers which t end  t o  average  o u t  t h e  

d i rec t iona l  bias  at t h e  cntrance; . fa&.  Thus, i n  t h i s  

case, F 

. .  
T h i s  is  due t o  t h e  many r e f l e c t i o n s  which 

+: %@ , ahd only a r o l l  t o r q u e  is producedp ' %  



To determine the feasibility of such a systemt its 

drawbacks must be investigated, The two principal 

weaknesses arc: (1) light collection ability, and 

(2) efficiency. Consider first the problem of 

efficiency, There are three loss mechanisms involved 

here: (1) reflection losses upon entering and leaving 

the fiber; (2) absorption losses within the fiber; apd 

( 3 )  reflection losses at the walls of the fiber. 

Reflection losses always occur whenever light passes 

between two media of differing indices of refraction, 

hence these losses are inevitable. Figure 5.3 shows 

the fractional intensity of the reflected light as a 

function of the angle of incidence for glass of index 

of refraction 1.52. Thus to keep this loss below lo%, the 

angle of incidence should be kept smaller than 4 S o Y  

Next, consider the effect of absorption, The trans- 

missivity y(il for a ray inclined at an angle i i s  given 

I 

(5-31) 

where K is the absorption coefficient of the fiber material. 



Note that the expression is exponential in d b t  hence a 
short fiber with a very low is desirable, For most 

glasses, d * l%/in. 
Now we include the losses due to imperfect reflections 

within the fiber, 

or defects along the wall or even by films of dirt or 

grease on the fib& surface. 

percentage OC is lost at every reflection. The transmission 

expression bccgmes 

These losses  can be caused by irregularities 

Due to these factors, a. 
1 

(5-32) 

where ? =  number of reflections suffered by a given ray. 
The transmission of a uniform ray of light may thus be 

calculated by numerical integration. It can be shown 

that for a loo incident cone of light in a fiber 5 0 p  

in diameter and 50 cm. long (n=1.5, 66 =l$/cm) I tho 

transmission is 60% when there are no reflection losses 

(Kq=O)  . However, when OC =1% , the light transmission 
falls to only 4 % .  This indicates the importance of 

keeping reflection losses as low as possible. Thus, at 

best, we can expect about 60% of the light hitting 

the entrance face of the fiber to emerge at the exit. 

4 further loss in effective force produced is incurred 

due to the fact that the light emerges uniformly in all 

0 

directions. This could cause a fractional loss of 1/3 



9% 

(assuping isotropic emergence) T h u s ,  only 4 0 %  of t h e  

I n c i d e q t  pomentum f l u x  a c t u a l l y  ends up producing t o r q y e  

i n  t h i s  system. 

pecguse t h e  l i g h t  pipes  are r a t h e r  i n e f f i c i e n t ,  a 

high C a n c e n t r a t i o n  of l i g h t  must be s e n t  through them 

t o  produce a p p r e c i a b l e  forces, Consider  the c o n f i g u r a t i o n  

showp in Figure 5 . 4 ,  where parabolic r e f l e c t i n g  dishes 

c q n c c n t r a t e  l i g h t  on t h e  fiber pipes.  Note t h a t  l i g h t  

boynping off the d i s h  produces undesired t o r q u e s ,  The 

dishes n u s t  be designed so t h a t  i t s  c e n t e r  of pressure 

is eyaqt ly  l e v e l  w i t h  t h e  spacecraft center of mass, 

i .e.  see= d, so t h a t  no n e t  t o r q u e  i s  exerted by t h e  

d i s h e s .  I n  o r d e r  to produce p o s i t i v e  or n e g a t i v e  

r?ll t o r q u e s ,  t h e  fiber pipe  can ba mede t o  ro t a t e  

parallel tQ t h e  a x i s  as shown i n  F i g u r e  5,5. Another 

d i f f i c u l t y  w i t h  t h i s  sys tem is k h a t  t h e  p a r a b o l i c  dishes 

0 

becoma very i n e f f i c i e n t  l i g h t  c o l l e c t o r s  when they  are , 

n o t  p o i n t e d  d i r e c t l y  a t  t h e  sun;  f o r  8 %  5", over  h a l f  

t h e  c o n c e n t r a t i o n  i s  los t ,  

TQ assees t h e  performance t h a t  can be expec ted  

from such  a system, t h e  d i s h e s  are assumed t o  have a 

aadlus of 20' cm., and t h e  d is tance ,  from t h e  l i g h t , p i p e s  

t o  the oepter of mass was assumed t o  be 50 c m .  

these figures a l o n g  w i t h  t h e  expec ted  e f f i c i e n c y  as 

discuased above, i t  wqs found t h a t  t h e  maximum r o l l  torque 

Using 
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t h a t  can  be expec ted  i s  less t h a n  2 dyne-cm. I t  i s  

concluded  t h a t  because  of low overa l l  e f f i c i e n c y  , ' l i g h t  

p i p e  systems fo r  producing  c o n t r o l  t o r q u e s  

appea r  promising.  

§olar p r e s s u r e  vanes s t i l l  seem t o  be 

.~ 
do n o t  

d 

t h e  s i m p l e s t  

and most e f f i c i e n t  (minimum weight  t o  t o r q u e  produced)  

means of producing c o n t r o l  t o rques .  T h e i r  i n h e r e n t  

drawback i s  i n  t h e i r  i n a b i l i t y  t o  g e n e r a t e  r o l l  and 

e r e c t i n g  t o r q u e s  independen t ly  of each  o t h e r  However, 

a d e s i g n  was found t o  circumvent  t h i s  d i f f i c u l t y .  I n  

Appendix A,  e q u a t i o n s  are d e r i v e d  f o r  t h e  t o r q u e s  

produced by solar p r e s s u r e  on vanes ,  The "averaged" 

t o r q u e s  (averaged o v e r v  ) are g iven  by: 

r e r a d i a t e d :  

where 
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For uncanted vanes, = 9 0 ° t  resulting in the following: 

.lr A =  
r\ = r,+Ro (5-33) 

produced are: 

(5-35) 

Thus, a positive vane pitch ( 6 7 0 )  results in a negative 

erecting torque and a positive spin torque, while the 

reverse occurs for p4 0. These "averaged" results can be 

used in studying the initial orientation phase when the 

spacecraft is spinning uniformly, For the steady-state 

phase, the sails are essentially stationary and hence 



the full unaveraged equations must be used. Consider 

four vanes spaced 90' apart as shown below: 

(5-37) 

Adding t h e  components individuallyp 

(5-41) 

( 5 - 4 2 )  

(5 -43)  

( 5 - 4 4 )  
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(5-49) 

(5-51) 

(5-52) 

(5-53) 

(5-54) 

(5-55) 

(5-56) 

R e r a d i a t e d  t o r q u e :  



( 5 -  GI.) 

(5-G2) 

(5 -66 )  

N p  0 
(5 -68 )  
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torque p roduc t ion  rcquiranicnlx and conscyucntly a 1 1 . 0 ~ ~  

L8indspcndent" control  of ro3.1 aiir! sun p o i n t i n g .  





Q .= 

When c,b renchcs 

its steady  s t a t e  

G c 1. ig ti c betwe en 

(5-72) 



( 5 - 7 5 )  
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control. scheme. F i r s t ,  note t h a t  is. a~.nioat always 



course I this method would incur a p e n a l t y  of i tddit ioiial  

weight  and complexity b 

The above control 

t h e  con d i .I: i on 6 i. inp o s c. d 

scliernc was fo~:muI.ated oi i ly  undcr . 
by Chc yacji anJceiinas, t h u s  tlie 

results fouiid are f ~ i :  a specific sct of requi ren ien ts  and 



(5-76)  



( 5-  7 -/ ) 

a c t u a l l y  causes t h e  a n g u l a r  fimmen'iuin vectoi: to move from 

its e q u i l i b r i u m  po in t  t h e  motion wil.1 rctui:ii, al-l~cit. s3.ot.rl.y , 
t o  the ecpi l i b r i i im  posi'i.ion in tlic e c l i p t i c  





it Is done very sudclenly . Schemes in which depl0>71nCn.k i s  

slow and c o n t r o l l a b l e  have been invcst.igatcc7 and shown t o  

synchronous ly  , t h e i r  reaction torqt~cs wil l .  t end  t o  cancel 

and hence nij.nj.mi z c  disturbance to the spacecraft  moth^. 

Thus althaucjh further work mus t  be done in t h i n  area, the 

problem of antenna depl.oyinent is not felt t o  be a c r i t i ca l .  

one. 





,' 1 C momentum wheel 

\ \  



Figure 5 ,  3 I n t e n s i t y  of reflected light: as a funct.ion 
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a s t a b l e  4espj.n q t  very low i:a.tes; (b) difficuL.Ly in 

s e n s i n g  zcro sp in  rate; (c)  i n h c r c n t  seiisi t i v i t y  to t.urcluc 

d i s t u r  13 i tnc c: s . 
(3) A dual s p i n  Fonfiguration nicets al.1 tlic: lxisic 

4 

a t t i t u d e  control r e y u i r c m c n t s  The  ~:paccci:eft  u c c s  01il-y 

solar radial;j.on pressure f o r  tlie yci lcrat ion of cont ro l  
> I  1 - 

torques, S p e c i f i c o l - l y ,  a sc'i of r e f l e c t i n g  vancs arc 

controlled i n  p i t c h  to producc: roll t o r y u c s  (~Jc )s .~ .~ ;~vc>  and 
, ;I . 





:!. :.r I, 

RQ a n a l y s i s  of so lar  pressi1.re torques qn, f0v.r 

t r i a n y u l ~ n r  vanes is con.tained in l<efcrence 1, and is 

momqiitum which is ahsorbed and ref l ec  kc:d accord incj to 

t h e  IS!S or geoinctricnl. 0p t j . c~  'L'hc f l u x  of Inomeritum h i t t h g  

t ~ i c  vane is psoport iona~ to i -~ze  cosine of t l i e  angle 

between the norinal to the vaiin, and the  inc1.deii.i: r ad ia t ion  

L i g h t  s t r i k i n g  t h e  vnnes causes a r e s u l t a n t  force 

vector which h a s  three physically d i s t i n c t  comgonciits : 

(1) a reflected rnor~~enkuii~, normnl to the vene L?; ( 2 )  an 

absorbed ~ o r ~ i c n t u i n  corripment , 3.n thc di rec t ion  of the 

A 

P 
incident rndiatj.on I; arid ( 3 )  a reradj.atad component, ~ 

also normal to the vane $. Define :  
A 
ZJ =: u n i t  normal vector to vane 

le= unit vector to sun ' 

5. = solar r a d i a t i o n  j -ntensi . ty  

C = velocity of light 

4 

e& = absgrptivity of vane 

OlaiCS = emissivity of vane 

O! 1 c a n t  ang le  of vnnc 

j3 := p i t c h  angle  of vane 



4 I, = &sd c 

(A-2 )  

(A-3 1 

( A - 4 )  

(A-5) 

(A-G) 

(A-7 1 

using these  expressions the angle  betttecii the normal to 

t h e  vane and t h e  i n c i d e n t  r ad ia t io r?  is: 

(A- 8 ) 

Using t h i s  cosine 

pressure components are g iven  by 

the reflected and absorbed r a d i j t i o n  

(A-10) 

For a r e r a d i a t i v e  forcel r e s u l t i n g  f r O n i  a r e r a d i a t e d  

intensity X r - t  assumi.ng i s o t r o p i c  r a d i a t i o n  according .I:o 
c 



The torque produced by the v m c s  are then obisahed by 

t a k i n g  ? x $. Define: 



(A-20) 

where, from (A-1)  and (A-14): 

(A-22) 

The reradiated t o r q u e  is given  by: 

4 4  where P . 1 ,  is g i v m  by ( A - 8 ) ;  and using  (A-I-) and (A-14)  : 

For B system of four t r i a n g u l a r  

center of pressure of each vane 

d i s t a n c e  along t h e  lvnyitudinal 

vane b 

Vanes, the effective 

is a t  Q p o i n t  2/3 of t h e  

a x i s  of t h e  triangular 

(A-25)  



(A-26) 



Figure A. 1 Definition of npacccraft pay:amct.crs 
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developed, In  add i t ion ,  two sca la r  equ.atioils descr ibing 

the .h tcr i ia l  motion of thc wheel and clanipr mas8 are 

found. solui-.ion w h i c h  s a t i b f i c o  this s e ~  of ccju'atiorls 

is cs~ab l . i shed ,  

t h i s  solu.lAon a rc  w r i t t e n ,  and A Routh stabj..I.ity anal-yeis 

i s  used t o  deteriuinc u tab i l . . iky  oE t l i ~  soJ .ut ionb 

Linearized v a r i a t i o n a l  equat ions about 

Cansicter tlic diial- spin spacecraft  conf'igurrzti.on shown 

in Ficjurc B .  1, ca i i s i s thg  02 the niah usymme1;r.i~ body "A" t 

the i ,n tcrnal ly  contalized synuiietri.c inomerltuin wheel "S" I and 

a nias~.-sprincJ--daslip9.iT. damper al igned w i t h  the spiii  axis , 

When the damper mass is i n  i t s  n e u t r a l  pos i t ion  (spr ing  

undeformed) , t h e  inass center  of the total- system defines  

the point 0 I and m lies 01;' the x a x i s .  A 6  t h e  mass m moves 

9 distalice Z in the 5 direction, t h e  system mass center, C, 

moves a dj.'Btance E froin 0 i r r  the dame d i r e c t i o n ,  wherc 

( B - I )  



(3-2) 

where a clot O V C ~  a vcctor indicates ra te  of cliariyc w i t h  

respect to imcrtial spacc.  lie angular n:omentwr, I4 is 

def ined as: 

A 

(r3-3) 

+\ 
wliero f.i i s  t h e  v e c t o r  from the system nmss center, C, t o  

Q dif fekqnt ia l .  mass element, din. 
~ ~~ 

A n  over circle represents the time derivut-ive in the body 

frame grid O;, i s  the angular veloc i ty  of the body frame 

with r e s p e c t  to i n e r t i a l  space. Since  t h e  only  angular  

v e l o c i t y  that we will be i n t a e s t e d .  i n  is M;, , the 
subscr ipt  w i l l  henceforth be dropped for coiiveriicncc. Thus 

-\ 

J 

Equat ion ( B - 3 )  becones ; 

Sinae  po in t  C is moving wi th  respect to the body fixed 

axes, it i s  inore convenj.cnt t o  wor& with v e c t o r s  relative 

t o  pQinir 0. 

vector froin 0 to the incremental. niass, 

-\ 

~f R, is t ~ i c  vector from c to 0, ancl i! is the 



I I ?  a where u is t h e  i n e r t i a ,  diadic of .the spacecraft 

w i t h  respect to the body axes syskem "h" centered at 0, 
L .  

A ~ . s o ,  
' - -? L : 

(U-11) 
0 



(D-13) 

(B-3.5) 

(B-13) becomes: 

Equation (9-16) is t h e  g e n e r a l  dynainj-cal equakion for Q 

nnn-rigid body. To apply it t o  o u r  case, the c o n t r i b u t i o n  

05 the three components A,  S t  and ni musk he found. 

To evaluate t h e  wheel c o n t r i b u t i o n ,  let c" be. the 

vector from 0 tu tho whccl mass c e n t e r  C,, and p be the 

vector from C, to the inilivi.c'ual wheel mass elemontfi. Thus, 



rcspcctto the body. T'hus (E--9)  can L e  cxpr-esscd as:  

( 13- 2 0 ) 

Thus coinh3.nj.ng Equcitions (B--20) m d  (B-21) , t h e  t o t a l  

contr ibut ion of the rotor is: 
,' < 

(n-22) 

We can now rewri te  the g k n c r a l  Equa t ion  (E- - IG)  E o r  the 

case of a rigid body w i t h  K a t tached w h e e l s  and Q a t tached  

pa r t i c l e s :  
I 



and I 

(B-24) 

( B- 2 5 ) 

bo coines : 

-- -" 

Next, to evaluate tha wheel torm in (13-23): 

(l3-28) 

is the angular speed rclat-.ive to the body A. Thus,  



written a s :  . I _ '  

(D-32) 



Two niorcz e q u a t i o n s  are necessary t o  completely 

specify t h e  five unknowns ~,,0g,oJ3,n,2, 

a d d i t i o n a l  equations come froin t h e  s p e c i f i c a t i o n  of the 

behavior of the wheel and dainper mass. 

These two 

For the wk&el: 
~ 

b 

where L is the spin inoment a p p l i e d  t o  t h e  wheel and i s  

made up of the combination of bearing f r i c t i o n  and motor 



(L3-38) 

03-39) 

Equationtit (D-33) (S-34) (n-35) (B-38)  nncl (E-42) 

comprise Q mi: of five couplccl equationfi i n  the f i v e  

unknowns. Assuming tho motor corque balances banring 



(B-46) 

' 0  Using (B-47) to eliminate : 



(E-50)  

in- 5 3. ) 

(3-52) 

(13-53) 

(13-54) 

w r i t t e n  i n  matri.x f orrn as : 

0 

By expanding the determi.iiant t h c ?  character is t ic  equation 

is found to be: 

Applyhg Routh's cr i ter ia ,  the coefficients n i u s t  a1.1 bc 

positive thus : .PrL 



7. z E c -0-5  

0 

0 

(B-58)  

(13- 5 9 ) 

0 

L I' 

(D-GO)  

( D - 6 1 )  

Both the condi t ions are always mck $or the gj-ven spacecraft  

conf igura t ions .  
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APPENDIX C 

Consider  each antenna t o  be inade up of f i v c  ind.ividun1. 

elm-~ients a s  shown be1.0~: 

Each e lement  can be coilsidered as a t h i n  long rod. F'or a 

uniform long  rod of mass m and l e n g t h  1, the moments of 

i n e r t i a  are: 

(C-1) 

( 2 )  normal. t o  t h e  length at the center, WL- \pw (C-2) 

c" 
(1) normal t o  the l e n g t h  at one and,  mT 

R2 



Using tlicse results : 

w Note t ha t  1, is independent  of 3 ( K is a p r i n c i p a l  axis;)  

(C-9)  

(C-12) 

(C-13) 

(C-14) 

(C- 3.7 ) 



(C -19 )  

(C-26) 

(C-21) 

(C-23) 

(C-25) 

(C-2G) 

expec ted ,  assume t h e  fo l lowing  an tenna  dimensions : 

These figures were a r r i v e d  a t  assuming n wavelength of 400 cni, 

For  a t h r e e  e lement  y a g i ,  only  t h e  c e n t e r  element i s  a c t i v e ,  

rill thc o t h c r ~  beil-ic~ pn;:asiLic; eleIileil.ks, 

t o  make these much 3.i g h t e r ,  Thc foJ1.0~~11g d e n s i t i e s  were 

ASSUIK!d : 

Tiius it is poss ibJ .c  



Thus the spacecraft  actua3.I.y has almosi: equal  i n e r t i a s  

along t w o  axes and a much smaller i n e r t i a  along the 

remaining axis  

To g e t  an idea o:E the maximuin expected product of 

i n e r t i a ,  for 5 =  4 s 0 ,  
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